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Immunosuppressive therapy to prevent kidney rejection is build around calcineurin in-
hibitors (CNIs). As a drawback to this therapy, patients receiving CNIs have a high risk of 
encountering clinical toxicity. Especially acute liver-, kidney- and neuro-toxicity are com-
plicating factors early after transplantation. On the long term chronic damage to heart 
and vasculature is the primary cause of patient death. Complicating factors are glucose 
intolerance or diabetes and dyslipidemia [1]. Overall, the primary outcome for renal trans-
plantation remains kidney survival, which is highly influenced by chronic damage to the 
kidney. This has been shown to be the result of several factors of which CNI toxicity is a 
principal factor [2]. At this point, it is likely the leading factor for the lack of improvement 
in kidney survival [3-5].
Only one aspect of immunosuppressive therapy offers a promising perspective to im-
prove graft survival, the withdrawal of calcineurin inhibitor therapy. But, CNI therapy 
is a prerequisite for the transplanted kidney to survive the first weeks after transplanta-
tion, which only allows withdrawal in the context of slightly lower immunological risk, 
thus several weeks or months post transplantation. That must be the starting point from 
where non-nephrotoxic alternatives should be employed [6,7].
Calcineurin inhibitor therapy has become crucial for a successful transplantation. Con-
sidering the low frequency of acute rejection episodes, apparently the risk for rejection 
has become less important. This is the direct result of optimal immune-modulation with 
triple or quadruple therapy. The quadruple approach typically consists of induction with 
an IL2-blocker (i.e. basiliximab) and maintenance therapy with prednisolone, mycophe-
nolic acid and a CNI. The decrease of the risk for toxicity and over-immunosuppression 
has become the most crucial aim in the first period after transplantation. Specifically, 
opportunistic infections exploit conditions with too much immunosuppression, with a 
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major role for cytomegalovirus (CMV), Epstein-Bar virus (EBV) and polyoma viruses [8]. 
The emphasis should be placed on the latter, which typically constitutes of BK-virus and 
culminates into a kidney deteriorating BK-nephropathy [9,10].
To battle the consequences of toxicity or over-immunosuppression, currently low dose 
CNI regimens have found to be of use. Specifically, the use of low dose tacrolimus has 
proven to be advantageous [6]. However, the average dose itself is not the only variable 
that drives patient or graft outcome. Patients display large between patient variability 
in response to CNI administration, partly resulting from variability in pharmacokinetics 
[11,12]. To circumvent pharmacokinetic variability, exposure of these drugs is routinely 
measured in whole blood [13]. In case the exposure deviates from the target exposure the 
dose of the drug is adjusted accordingly. Indeed, CNI whole blood exposure has found to 
be related to the risk of acute rejection and the risk for nephrotoxicity [14-16]. Although 
improvements in clinical transplantation have been achieved with individualization of 
the CNI dose using exposure measurements, it remains a fairly reactive approach which 
can result in a long interval between start of therapy and achieving target exposure [17]. 
This raises the important question how CNI dosing can be optimally individualized. 
To answer this question this thesis is build up with a tight structure, starting with the 
analysis of the pharmacokinetics of ciclosporin A and tacrolimus. In a next step an effect 
biomarker is developed and finally a study with a clinical endpoint has been performed.

Variability in pharmacokinetics of calcineurin inhibitors
The pharmacokinetics of the CNIs are very complex and characterized by enormous vari-
ability. Upon oral administration these highly lipophilic drugs are absorbed to different 
extents down to the ileum. As soon as they reach intestinal mucosa and the absorption 
process starts, they are metabolized by the cytochrome P450 enzyme system in the in-
testine as well as the liver. Specifically the CYP3A4 and CYP3A5 enzymes are involved, 
which act together with the efflux pump P-glycoprotein that actively transports CNIs out 
of the cell. The highly variable fraction of the drug that reaches the blood circulation, the 
bio-available fraction, distributes within the blood primarily to the red blood cell, while 
the remainder binds to albumin, α-acid protein and lipoproteins. Only a very small frac-
tion is unbound in blood. When CNIs distribute to cells within (organ) tissue, they bind 
to immunophillins to be able to a-specifically inhibit the target enzyme calcineurin by 
sterical hindrance of the active site. Finally, CNIs are metabolized to an array of metabo-
lites which are principally eliminated with bile and only a small fraction with urine [11,12]. 
Since large part of CNIs distribute to the red blood cell, within the blood fraction, either 
the plasma/serum concentration or the unbound concentration would be of interest for 
pharmacokinetic or exposure analysis. Technical difficulties prevented the measurement 
of these fractions. Therefore the whole blood concentration was chosen as a concentration 
biomarker to reflect pharmacokinetic variability for CNIs. Despite the fact, that it may be 
a poor reflection of the drug at the site of action [18,19].
To achieve target whole blood exposure early after transplantation, factors or covariates 
should be identified that explain variability between or within transplant recipients. 
With the identification of factors that can be obtained before transplantation, these could 
be used to predict an individual’s dose prior to transplantation. This was the focus of the 
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research described in the Chapters 3 and 4 of this thesis. To be able to discriminate be-
tween effects of multiple covariates on the pharmacokinetics of CNIs, a population analy-
ses is essential. Such an analysis is typically performed with non-linear mixed effects modeling 
(NONMEM) [20]. This approach distinguishes between structural and random effects. 
With the structural model describing the time course of the drug’s concentration using 
parameters such as absorption rate constant, volume of distribution and clearance. The 
random effects parameters are used to describe variability in these parameters between 
and within individuals. When variability in the pharmacokinetic parameters is adequate-
ly described, a covariate model can be applied to explain the identified variability and to 
distinguish the effects of several covariates. An advantage of this powerful technique is 
the possibility to analyze rich and sparse data together, which provides a possibility to use 
all available data.
The absorption, distribution and elimination of tacrolimus were mathematically de-
scribed with a 2-compartment model with linear first-order absorption and first-order 
elimination. Variability in tacrolimus clearance between patients was explained by a 
polymorphism in the gene encoding the cytochrome enzyme CYP3A5. Roughly 20% of 
the Dutch renal transplant population carries one *1 allele coding for this metabolizing 
enzyme which leads to a 50% higher tacrolimus clearance (Chapter 3) [21-23]. In the cur-
rent clinical practice they have a 50% lower exposure in terms of area-under-the-blood-
concentration versus time curve (AUC). Depending on the number of *1 alleles present, 
recipients should be dosed 50% (one allele) to 100% (2 alleles) higher compared to carriers 
of the *3 allele, to minimize the time to target exposure or to prevent rejection [21,24]. 
African-Americans have been shown to carry the CYP3A5*1 allele in over 75% of trans-
plant recipients, while this is the case for only 10-20% of Caucasians [25,26]. Indeed, the 
rejection rate is higher for African-Americans [27], which may be attributed to the CYP3A5 
genotype. However, other factors (waiting time on dialysis, socio-economic status, non-
compliance and co-morbidity (diabetes, hypertension)) seem to play a (more important) 
role as well [27,28].
Although initially tacrolimus is dosed based on a persons body weight, as advised in the 
package insert of tacrolimus (Prograft®), body weight was not found to be related to drug 
clearance in chapter 3. When a strict body weight based dosing regimen would be applied 
this could lead to severe tacrolimus under- and overexposure for patients with low and 
high body weight, respectively. Furthermore, co-administration of prednisolone in a dose 
of 10 mg or higher was found to increase apparent tacrolimus clearance with 15%, explain-
ing variability in tacrolimus exposure within patients (Chapter 3).
Similar to the model for tacrolimus, ciclosporin A disposition was described with a 2 com-
partment distribution and elimination model. But, this time a delayed absorption was 
identified which was described with a transit compartment between the dose compart-
ment and the central compartment. In contrast to tacrolimus, ciclosporin A clearance did 
depend on a patient’s body weight. Also ciclosporin A apparent clearance was 22% higher 
with a concomitant prednisolone dose greater than 20 mg, which explained variability 
within the transplant recipient (Chapter 4).
Drug interactions are responsible in large part for patient variability in drug exposure 
and/or response to CNIs [12,29-31]. Prednisolone is often administered concomitantly in 
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varying doses in transplant medicine. In most cases high intravenous induction doses are 
used around transplantation, which are rapidly converted or tapered to low dose oral reg-
imens. Prednisolone is known to induce the metabolism of tacrolimus, while it is less ob-
vious for ciclosporin A [32-34]. Rapid tapering of prednisolone early after transplantation 
could decrease the inductive effect of prednisolone on tacrolimus metabolism with in-
creasing exposure as a result. Often researchers have dedicated this to an independent fac-
tor ‘time after transplantation’ [12,35-37]. This factor comprises all physiological changes 
in a transplant recipient early after transplantation and not solely the decrease in steroids.
Typically, it is assumed that an interaction works the same way for everyone within a 
patient group. Generally, the concept of drug-interaction was thought to be solely a 
drug-drug effect, disregarding the role of the host. Naturally, patients do differ in their 
susceptibility for an interaction. For prednisolone it was hypothesized that the interac-
tion was the result of activating the nuclear factor pregnane X receptor (PXR). Normally, 
glucocorticoids regulate gene expression by activating the high affinity, low capacity glu-
cocorticoid receptor. In the situation of high endogenous cortisol (i.e. stress) this receptor 
is saturated and glucocorticoids bind to the low affinity, high capacity PXR to induce its 
own metabolism and transport which at that time is not sufficient. Subsequently, CYP3A 
enzymes are induced to increase the metabolism of glucocorticoids [38]. The same is likely 
to occur for administration of exogenous prednisolone, which at the same time would 
increase the metabolism of CNIs as well. Genetic variability in NR1I2, the gene coding for 
the pregnane X receptor could then be responsible for differences in susceptibility for this 
inductive effect between transplant recipients. These differences could result in variabil-
ity in exposure to CNIs during concomitant administration of prednisolone. A polymor-
phism in NR1I2 was associated with increased tacrolimus clearance, but did not explain 
differences in susceptibility for the interaction between tacrolimus and steroids. Neither 
was a relationship found between ciclosporin pharmacokinetics and genetic variability in 
NR1I2 (Chapter 3 and 4).
With this in mind, the best tacrolimus dosing strategy in current clinical practice would 
be a genotype based fixed dose, for instance 5 mg for carriers of CYP3A5 *3/*3 genotype 
and 8 mg for patients carrying a single *1 allele. In case a transplant recipient is a homozy-
gous CYP3A5*1 carrier even higher doses would be necessary. Yet, one should be cautious 
with these high tacrolimus doses for two reasons. First, whole blood target exposure of 
the parent drug is likely to be attained early with this approach, but this coincides with a 
relatively high exposure to tacrolimus metabolites. At least 8 metabolites have been iden-
tified of which one has demonstrated pharmacological activity in vitro [39-43]. Although 
no relationships of these metabolites with clinical toxicity have been reported, it is ad-
vised that clinicians carefully observe these CYP3A5*1 carriers during clinical follow-up. 
An alternative approach could be switching homozygous patients with CYP3A5*1/*1 gen-
otype, or possibly *1 allele carriers in general, to ciclosporin A. An additional third, but 
non clinical, reason is related to (lower) costs, with the higher costs of a double tacrolimus 
dose being replaced by a standard ciclosporin dose.
Whereas CYP3A5*1 is related to high tacrolimus clearance, predictive factors for low tacroli-
mus clearance, hence high drug exposure, early after transplantation remain unidentified. 
A single nucleotide polymorphism in the promoter region of ABCB1, T-129C was only weakly 
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associated with low tacrolimus clearance (Chapter 3). With the absence of strong predictors 
for overexposure one should use an alternative approach to prevent this from occurring. 
Using tacrolimus as an example, excessive exposure such as can be seen in Figure 1 should 
be prevented. To prevent tacrolimus overexposure shortly after transplantation currently 
in clinical practice, an early trough concentration measurement should be performed at day 
2, after 3 or 4 tacrolimus administrations. When considering a target tacrolimus exposure 
of 160 µg × h/L the first 6 weeks after transplantation, which is about to be used in our center, 
trough concentrations greater than 15 µg/L should result in pre-emptive dose reduction 
(Figure 2). As can be derived from the figure 2, this trough concentration reflects an AUC0-12h 
of 175-300 µg × h/L. Subsequently, AUC-monitoring should be performed just before dis-
charge from the hospital, which nowadays occurs 1 week after transplantation. In the weeks 
thereafter any gradual decrease in CNI dose should be corrected for tapering the concomi-
tant prednisolone dose, which causes the inductive effect to fade away. Therefore, a rela-
tively larger dose reduction is necessary to obtain target CNI exposure. This early trough 
concentration approach could also be useful for ciclosporin which is reasonably dosed on 
body weight in most cases. To detect extreme low or high exposure an early trough concen-
tration measurement is the only marker available at this point.
In conclusion, to obtain whole blood target exposure early after transplantation a strict 
TDM strategy is not sufficient. The CNI starting dose should be individualized using oth-
er factors besides body weight, such as genotyping for the presence of a CYP3A5*1 allele 
for tacrolimus or accounting for co-administration of prednisolone.
As has been described in chapter 5 AUC-monitoring has a clear advantage over trough con-
centration monitoring. This is supported by the 3-5 fold difference in trough concentration 
at a certain AUC target value. Preferably, the monitoring approach should be kept as prac-
tical as possible. Therefore, with chronic CNI use (arbitrarily longer than 2 months, moni-
toring could potentially be reduced by introducing a patient specific trough concentration. 
In case two or more AUCs of a renal transplant recipient are obtained during follow up and 
when there is an acceptable relationship between trough concentration and AUC for an 
individual, a patient specific trough concentration can be defined. Despite large variabil-
ity between AUC and trough concentration more specific analytical techniques have come 
available, such as LC-MS/MS [44]. With this method the accuracy and precision of the con-
centration measurements have increased. The combination of these factors with already a 
relatively low within patient variability in pharmacokinetics for CNIs, provides a promis-
ing tool for developing the concept of a patient specific trough concentration (Chapter 5). 
Although the use of the concentration biomarker in whole blood has improved therapy 
with CNIs in renal transplantation, more precise biomarkers are required to further opti-
mize CNI therapy. First of all a more precise concentration measurement is desired, which 
is able to quantify CNIs closer to the site of action, for instance within the T-lymphocyte. 
When concentrations are more precisely measured in for instance plasma or the T-lym-
phocyte it remains unclear to what extent the concentration reflects the actual unbound 
CNI concentration or the CNI-immunophilin complex at the site of action, the calcineurin 
enzyme. Besides, variability on the pharmacodynamic level may have consequences for the 
response to CNIs, which will be discussed in the next section.
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Variability in pharmacodynamics of calcineurin inhibitors
Unfortunately, concentration measurement in whole blood is not the Holy Grail for CNI 
dose optimization. Blood concentration does not entail an individual’s drug response 
solely. Variability in the exposure versus response relationship for CNIs (i.e. differences 
in potency and maximum effect) determine susceptibility as well. This currently mani-
fests clinically when patients, at target whole blood exposure, still encounter toxicity or 
rejection episodes. In contrast, patients at very high or very low exposure not necessarily 
develop toxicity or a rejection event, respectively.
The reason for this is twofold. First, CNI concentration measurements are performed on 
whole blood. This has evolved over the years because CNI measurements in the routinely 
used plasma samples were highly variable. CNIs are primarily bound within erythrocytes 
and to plasma proteins. To overcome technical issues the whole blood matrix was intro-
duced [18,19,45-47]. The whole blood concentration may be a poor reflection of the concen-
tration at the site of action, the donor specific T-cell. In pharmacology it is believed that the 
free or unbound drug concentration in blood would reflect the concentration at the site of 
action. Probably, in most instances this is the case, but for CNIs transport enzymes on the 
cell membranes of lymphocytes, such as P-glycoprotein (ABCB1), are likely to disturb this 
relationship [48,49]. Therefore, attempts have been made to measure CNIs in leukocytes 
or T-cells using LC-MS/MS [45,50]. Concentration measurements at the site of action may 
be of great benefit to optimization of CNI therapy. At least it would be a more sophisti-
cated way of defining a patient’s drug exposure than the present use of measurements in 
whole blood. With the current approach ciclosporin and tacrolimus concentrations actu-
ally reflect the amount in the red blood cell, with around 60% and 80% being bound in 
these cells respectively [11,12]. Besides, the effect of CNI-metabolites should be taken into 
account as well. Especially, since immunoassay and LC-MS/MS techniques are both used 
extensively at this time and as described above they differ in metabolite interference.
The second reason constitutes the target enzyme of CNIs, calcineurin. Ciclosporin A 
and tacrolimus exert their drug effect by inhibition of the calcineurin activity in T-cells. 
Dephosporylation of the nuclear factor of activated T-cells (NFAT) is inhibited resulting 
in decreased gene transcription of pro-inflammatory mediators or cytokines. CNIs inhibit 
calcineurin by a-specific binding of CNIs next to the active site of calcineurin. Since CNIs 
bind to immunophilins they are able to sterically hinder the active site of calcineurin. 
This non-competitive way of enzyme inhibition could be variable since the susceptibil-
ity of this system is likely to vary among transplant recipients. Patients could differ in the 
maximum effect or Emax, which provides variability among transplant recipients in the 
maximum inhibition of calcineurin. Another parameter which could be relevant is the 
potency or IC50. Although CNIs act by a non-competitive way of inhibition of calcineurin, 
patients still could differ in the potency, due to genetic variability in the genes coding for 
calcineurin, leading to (conformational) changes in the structure of the enzyme and pos-
sibly altered affinity of the CNI for calcineurin. In addition, differences in the activity of 
P-glycoprotein on T-lymphocytes could cause variability in the concentration that reaches 
the active [51-53].
Variability in the susceptibility for ciclosporin A between patients was tested by develop-
ing a biomarker based on inhibition of calcineurin activity (Chapter 6). A clear concentra-
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tion versus effect relationship was observed between ciclosporin A concentration in whole 
blood and calcineurin activity in leukocytes obtained from 98 renal transplant recipients 
followed for 6 months after transplantation. However, between patient variability in the 
biomarker was too small (13% inter-individual variability in Emax) to explain differences in 
susceptibility for ciclosporin A. Interestingly, within patient variability was high, 28%, 
which raised concerns regarding the methodology of calcineurin activity measurements 
in leukocytes. Clearly, the development of a clinical useful biomarker is complex. To be 
able to quantify calcineurin activity in vitro, concessions are being made. First of all the 
concentration is whole blood is correlated to calcineurin activity in leukocytes. The con-
centration in whole blood may not represent the concentration within the leukocytes and 
the active site of the enzyme. Furthermore, leukocytes consist of granulocytes, monocytes 
and lymphocytes with different calcineurin activity, which urges more specific measure-
ment in for instance T-lymphocytes [54]. To be able to measure calcineurin phosphatase 
activity, the activity of other phosphatases has to be eliminated by using okadaic acid and 
EGTA. There is no guarantee that this is a successful approach and that all disturbing 
phosphatases are ruled out. Moreover, the calcineurin activity actually is a capacity mea-
surement where the enzyme is maximally stimulated in vitro to attain maximum activity. 
This may not be a very reproducible approach. These assumptions may not be a problem 
if an adequate quality control exists for these measurements. In contrast to concentra-
tion measurements where the use of a quality control sample is common and essential, 
this is still in development for enzyme activity measurements. Of course it is much more 
complex to develop an adequate quality control since frozen storage is detrimental to the 
activity of a control sample. Whereas researchers worldwide are working already for over 
15 years on the development of calcineurin activity as a biomarker, still no breakthrough 
in terms of clinical relationships has been reported. The study presented in Chapter 6 was 
the first to report on calcineurin activity in a population approach using data from mul-
tiple occasions. This provided insight in the behavior of this biomarker in transplant re-
cipients in time, and explains the current lack of information on the association between 
in vitro enzyme activity and acute rejection or other clinical outcome measures. In fact, 
the high within patient variability presented in chapter 6 allows questioning previous 
reports on the relationship between calcineurin activity on a single time point with either 
nephrotoxicity/acute rejection after liver transplantation [55] or graft versus host disease 
after bone marrow transplantation [56,57]. Despite the high importance of demonstrat-
ing clinical relationships, chapter 6 illustrates the complexity of (immunological) bio-
marker development and underlines the importance to analyze repeated measurements 
of the biomarker in human material and to apply a population approach. A more precise 
and accurate technique for calcineurin activity measurement is necessary and the devel-
opment of alternative biomarkers should be explored.

(Sub-)clinical relationships with CNI exposure and pharmacogenetics
The quadruple immunosuppressive regimen that currently is used throughout the 
world is capable of decreasing the occurrence of acute rejection episodes to around 10% 
( Chapter 7). CNIs are part of this regimen and are the first choice to taper or withdraw 
as soon as possible after transplantation. To be able to do this safely, information should 
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be obtained on the risk of rejection after decreasing the level of immunosuppression. In 
fact individualized tapering regimes are required. In this respect adequate biomarkers 
are important [58]. By means of biomarkers the choice of the most effective and least toxic 
combination of immunosuppressive drugs, and their doses, could be determined. Cur-

Figure 1. Tacrolimus concentration versus time after transplantation, for two renal transplant recipients. 
These figures illustrate excessive exposure for transplant recipients in the first weeks after transplantation. 
No interactions or other conditions were present that could explain the high exposure after an initial (lean) 
body weight based tacrolimus doses of 8 and 5 mg b.i.d. respectively. Target trough exposure is indicated 
with the solid line (between 5 and 18 µg/L). Patient X was a 34 years old male and weighed 100 kg when 
transplanted in 2005 and patient Y was a 67 years old female renal transplant recipient and weighed 55 kg 
when transplanted in 2010.
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rently, for this purpose non-invasive biomarkers are not available, the only reliable mark-
er is a renal biopsy. To safely withdraw immunosuppressive drugs a biopsy should show 
no signs of acute rejection, also not in the absence of functional kidney deterioration, so 
called subclinical rejection (SCR). But, more importantly SCR may be related to chronic 
damage to the kidney, so called interstitial fibrosis/tubular atrophy. Therefore insight 
into the factors determining SCR should be obtained and was the object of study in Chap-
ter 7. In a multicenter study, 361 renal transplant recipients were followed for 6 months 
after transplantation and a renal biopsy was obtained at 6 months. Covariates were se-
lected that could theoretically be related to this outcome measure and concerned besides 
demographic (age) and transplant related factors (donor information, HLA-matching, 
transplant type), exposure data (AUC0-12h) and pharmacogenetic information. Of interest 
were variability in genes (possibly) related to metabolism and transport of ciclosporin A: 
ABCB1, CYP3A5, CYP2C8, NR1I2.
Besides, genetic variability in the genes encoding the target protein calcineurin were of 
interest as well. Three isoforms for calcineurin have been described: alpha, beta en gam-
ma [59,60]. There is evidence that the calcineurin alpha form, coded for by the PPP3CA 
gene, is highly expressed in renal tubular cells, while the beta form coded for by PPP3CB 
is primarily expressed in immune cells (lymphocytes). PPP3CC, coding for the gamma 
variant is predominantly in the testis. The clinical relevance of these different isoforms 
as determinants of inter-individual variation in immune suppression has not been dem-
onstrated yet, but is illustrated by genetic differences between renal transplant recipient 
and donor. Whereas the kidney originates from the donor with its genetic constitution 
of the PPP3CA gene, the immune system consequences are related to the recipient with is 
genetic code for the PPP3CB gene. To test this hypothesis genetic variability in the PPP3CB 
gene in renal transplant recipients was studied in Chapter 7 by selecting polymorphisms 
to create a haploblock. A haploblock consisting of 3 polymorphisms was found to reflect 
genetic variability in the PPP3CB gene. To check the assumption regarding the isoforms 
and variable tissue distribution, a haploblock for the larger PPP3CA gene was identified as 
well and consisted of 5 polymorphisms.
The binary outcome measure SCR was analyzed with an integrated approach, including 
the number of patients that drop-out during the study and including all covariate infor-
mation. A biopsy was obtained from 275 patients, of which 18% contained signs of SCR. 
However, only the experience of a previous acute rejection episode and receiving a cadav-
eric donor were related to a SCR incidence of 52% versus an incidence of 11% for living 
donations in the absence of an acute rejection episode. This powerful approach on an AUC 
targeted population did not identify genetic factors as relevant covariates for SCR. Despite 
the absence of relationships between the selected genetic factors and SCR, a powerful anal-
ysis tool was used. It would be too simple to relate the susceptibility for CNIs solely to 
genetic variability in calcineurin isoforms, what is often done for other genetic association 
studies, disregarding the effect of other important factors. Therefore, as reported in Chap-
ter 7 an array of demographic, transplantation related factors and exposure measurements 
should be taken into account as well, a more systems pharmacology approach. But, as dis-
cussed in Chapter 2 one should also study genetic variability in immunophillins and in the 
nuclear factor of activated T-cells (NFAT) itself. This could be the focus in future projects.
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Perspectives

The one thing we need to achieve is getting the right dose of CNIs, to the right patient, 
at the right time. In this sentence lies the entire foundation for this thesis. It is not a new 
approach, but as old as Paracelsus (1493-1541) [61,62]. The attempts made and described in 
this thesis aimed to achieve this in renal transplantation. Especially since transplantation 
medicine is pre-eminently the specialism to optimize drug treatment. Balancing between 
the risk for acute or subclinical rejection on one side and acute toxicity, infection, malig-
nancies, vascular damage and chronic allograft nephropathy (CAN) on the other side, is a 
great challenge in which important progress has been made in recent years. The biggest 
challenge in renal transplantation will be to prolong graft survival along with low co-
morbidity for the recipient.
The key to such improved outcome from a pharmacological perspective will be deter-
mined by three factors: the development of biomarkers for immunological risk and bio-
markers that reflect the response to the combination of the various immunosuppressive 
drugs, pharmacometric analysis of the available data and enlargement of the amount of 
data by co-operations of transplant centers.
The initial immunological risk depends highly on an individuals transplantation char-
acteristics and the extent to which one’s immunosuppressive therapy is individualized 
[63,64]. Immunological risk results from transplant characteristics, such as type of trans-
plantation, HLA-DR mismatch, cold-ischemic time, donor age etc. To attain the optimal 

Figure 2. AUC0-12h versus trough concentration (n = 734 data couples) for tacrolimus obtained from 343 trans-
plant recipients. Tacrolimus concentrations were determined with LC-MS/MS in the LUMC in the period 
March 2009 to May 2010.
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level of immunosuppression, therapy should be adjusted to the level of his or her indi-
vidual immunologic risk. In clinical practice this is not applied universally, due to the 
absence of appropriate biomarkers [64]. But, in case organs are transplanted between twins 
or donor-acceptor couples without HLA-mismatches, immunosuppression will generally 
be lower compared to patients with higher immunologic risk. Besides the initial immuno-
logical risk one should also take the dynamic interplay between the immune system of the 
transplant recipient, the donor organ and the immunosuppressive drugs into account that 
develops after transplantation. A distinction between high and low risk patients may be 
made, ultimately resulting in chronic rejection and tolerance respectively [65]. Generally 
immunosuppression is stepwise reduced after transplantation towards minimal immuno-
suppression with two drugs or in certain instances even one immunosuppressant. In the 
latter cases an almost tolerant state is achieved. The ultimate goal is operational tolerance, 
where transplant recipients maintain graft function without using immunosuppressive 
drugs. Currently this is primarily observed in non-compliant patients and is still excep-
tional in renal transplantation [64,66-68]. In clinical practice the biomarker used to deter-
mine the possibility of minimizing immunosuppression is an invasive one, the kidney 
biopsy. In case no immune cell infiltrates are observed, SCR is absent, and kidney func-
tion is stable, one could decide to further reduce maintenance immunosuppression several 
months after transplantation. Clearly, the need for adequate biomarkers to give insight in 
the activity of the host’s immune response against the foreign organ is warranted.
Besides tailoring the number of immunosuppressants to ones immunological risk the 
immunosuppressive effect is not solely determined by the dose of the different drugs. 
As previously discussed, between patient variability in pharmacokinetics and pharma-
codynamics are responsible for this. In this respect we now placed biomarkers and finally 
clinical outcome central in this thesis to elucidate which dose should be administrated to 
which patient. Individualization of the CNI dose clearly is irrefutable, but has some big 
challenges to overcome. Obvious it is a complex trait to optimize treatment with 3 or 4 
drugs with a different mechanism of action. A combination of biomarkers, each reflecting 
a drug’s action, could assist clinicians. Considering the low number of rejection events 
with the quadruple therapy, biomarkers could be used to further reduce or individualize 
immunosuppression.
But, major efforts are expected from employing biomarkers in toxicity control. As soon 
as susceptibility differences between patients for acute and chronic CNI toxicity are ex-
plained, individualization of CNI therapy can truly be applied. With this in mind, the 
next year’s great effort should be put into the development of biomarkers, either related 
to concentration of the parent compound and its metabolites (at the site of action), tar-
get enzyme activity and/or pharmacogenetics (of the target proteins) [58,69]. Emphasis 
should be placed on methodology of measurements in cells, especially on quality con-
trol samples. Furthermore, biomarker research in transplantation should increasingly 
focus on obtaining more data within the same individual. Until now often limited data 
obtained from single study visits were obtained.
Important development should be made in the type of analysis and patient numbers. Up 
to this moment in most cases renal transplant populations of up to roughly 100 patients 
are studied, mostly aiming at identifying a single relationship. In case multi-factorial 
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analyses were performed these were highly simplified. The next step would be to study 
the whole system defined as the donor-recipient combination with its specific treatment, 
a systems pharmacology approach. That would be a more integrative and quantitative analy-
sis, including pharmacokinetic, pharmacodynamic or biomarker and clinical informa-
tion, such as performed in Chapter 7. Here pharmacokinetic information and clinical 
outcome are analyzed together to identify relationships with a series of genetic and non-
genetic covariates that have a relationship with either pharmacokinetics or pharmacody-
namics of a single drug. Between patient and within patient variability can be described 
and systematically explained by covariate relationships. Including biomarkers that indi-
cate specific activity of the immune system or the kidney as well as biomarkers reflecting 
the response to the different immunosuppressive drugs in the analysis, would improve 
this approach even more. The emphasis should be on the development of non-invasive 
biomarkers, observed in easily obtainable body fluids, such as blood and urine. Especially 
the latter could cover new ways to identify renal damage or alterations. The response to a 
combination of immunosuppressive drugs and/or their metabolites should be analyzed 
together using 3-dimensional response surfaces as has been demonstrated for anesthetic 
and antiviral drugs [70,71]. The theoretical concepts of the modeling of pharmacodynam-
ic drug-drug interactions have recently been reviewed [72]. Furthermore, after transplan-
tation the immune response alters, it adapts to the altered situation as a result of drug 
action. One could view that as a form of disease-progression as has been studied in for in-
stance Alzheimer’s disease [73,74]. A systems pharmacology approach [75], which should 
use pharmacometrics to its full extent, should be employed. Pharmacometrics concerns 
the comprehensive mathematical-statistical analysis of drug action. This thesis embod-
ies this approach with the application of population analysis of pharmacokinetics, phar-
macodynamics and clinical events. In future analysis these models should be extended 
incorporating changes in the immune system by including an immune system (‘disease’) 
progression model and 3-dimensional response surface analysis to account for interac-
tion between the 2 or more immunosuppressive drugs that are typically used. Herewith, 
therapy with multiple drugs could be optimized, especially when appropriate biomark-
ers have become available.
Large collaborations of nephrologists should work together with clinical pharmacolo-
gists or hospital pharmacists to create large patient cohorts adding up to large databases, 
which can be employed to quantitatively analyze the data of multiple drugs simultane-
ously with a pharmacometric approach.
Clearly data collection, the development of biomarkers and models reflect an enormous 
amount of work and a lot of effort will have to put in to it, as we are only at the very begin-
ning of understanding the immune system and the intervention of immunosuppressive 
drugs. Yet, the rate limiting step will be the development of adequate biomarkers. Although 
it is a magnificent challenge to describe such a complex system and to explain variability in 
treatment response with success not being guaranteed, this is the only successful approach 
to really individualize immunosuppressive therapy in renal transplantation.
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Conclusions

Therapy should be optimized for drugs with a small therapeutic window and high between-
patient variability in drug response, such as the calcineurin inhibitors (CNI). The initial 
body weight based dosed must be adjusted in renal transplant recipients to a predefined 
target blood-exposure to balance between acute rejection and (nephro)toxicity. With this so 
called therapeutic drug monitoring approach a beginning has been made to individualize 
CNI therapy. This thesis demonstrates that pharmacometric approaches allow us to iden-
tify factors responsible for variability in exposure and response to CNIs and to discrimi-
nate between these effects and their weight. The CYP3A5*1 allele is predictive for at least a 
50% higher clearance of tacrolimus. This factor can be used to individualize the tacrolimus 
starting dose. Besides, the interactive effect of co-administered prednisolone should be 
accounted for as well. To date, AUC-monitoring combined with an early trough concen-
tration measurement remains state of the art monitoring for CNIs in transplant medicine. 
This thesis demonstrates that effect biomarkers such as calcineurin activity are still in their 
infancy due to technical and methodological issues. Optimization and validation of these 
assays with human material and developing an appropriate quality control sample are 
essential. Furthermore, repeated measurements should be analyzed early in assay devel-
opment, preferably in combination with a population approach. Finally, clinical events 
should be analyzed in an integrative approach as performed in the final chapter of this 
thesis. Especially when large data sets are analyzed with a sophisticated pharmacometric 
approach major developments are expected. In future analysis response biomarkers should 
be included that reflect the action of the combination of drugs used. When this information 
is combined with markers that reflect the activity of the immune system against the trans-
planted organ understanding of the pharmacological approach will improve substantially 
with true individualization of immunosuppressive therapy as a result.
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