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Over the last decades, restoration of renal function by renal allograft 

transplantation has evolved into the preferred treatment option for patients with end 

stage renal disease. The introduction of the calcineurin inhibitors (CNI) 

cyclosporine (CsA) and tacrolimus (TRL) have significantly contributed to this 

success. Both CNIs allowed successful suppression of the immunological response 

and rejection of the allograft by the recipient(1). Unfortunately considerable 

adverse drug effects are observed in patients treated with CNIs, including 

nephrotoxicity, hypertension and diabetes mellitus(2-4). This, together with the 

large inter-individual variation in pharmacokinetics of both drugs necessitates 

therapeutic drug monitoring (TDM) to control drug exposure(5). Nowadays, TDM of 

CNI is routinely performed by drug concentration measurement in blood which has 

led to an improved clinical performance of these drugs. Though acute rejection 

episodes have been significantly reduced, the incidence of acute allograft rejection 

episodes is still 10-20% within first year after transplantation(6). In addition, lack of 

selectivity and over-immunosuppression, at least partly caused by CNIs, hampers 

long-term allograft and patient survival. CNI withdrawal and avoidance protocols 

have been investigated with varying results. Early removal of CNIs from the 

immunosuppressive protocols continues to be problematic mainly due to the 

occurrence of late acute rejection(7,8). Minimization of CNIs in the 

immunosuppressive protocols early after transplantation was recently found to be 

equally effective as compared to the “old standards” with higher CNI target 

concentrations(9). 

Another strategy to improve clinical immunesuppresion early after transplantation is 

improved monitoring to control CNI therapy. TDM for CNI treatment is mandatory 

since there is a clear relation between drug exposure and incidence of acute 

rejection and drug toxicity(10,11). Improvement of CNI therapy by better monitoring 

is an interesting strategy, since in current daily practice TDM is performed under 

suboptimal monitoring conditions. This includes TDM by through drug 

concentrations (C0) and non-standardized sampling protocols. Next to advanced 

pharmacokinetic monitoring, such as estimated AUC monitoring, the development 

of pharmacodynamic (PD) markers could theoretically contribute to improve CNI 

therapy. Pharmacodynamic monitoring strategies, however, are still in an 

experimental phase and have not proven clinical benefit yet. They carry the 

theoretical advantage of monitoring the true effectiveness of immunosuppressive 

therapy including CNIs. In addition, pharmacological and immunological drug-drug 

interaction can be detected. This led us to investigate PD monitoring as potential 
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tool to guide drug dosing. We choose CN activity as PD marker for monitoring and 

in this thesis, the analytical aspects, fundamental characteristics and insights in 

clinical usefulness of CN activity measurement as a PD marker for CNI were 

investigated. 

 

(Bio) analytical aspects of CN enzyme activity measurement 

As starting point to research PD monitoring of CN inhibition therapy a CN enzyme 

activity assay was developed (Chapter 2). CN activity was determined in the 

leukocyte fraction isolated from peripheral blood. CN activity was determined by 

phosphate quantification after dephosphorylation of the phosphorylated RII 

substrate. Phosphate concentration was determined using the malachite green 

phosphate reagent. To adjust for background absorbance, a blank measurement 

without substrate was included. Ascorbic acid, NP-40 and DTT were titrated in the 

lysis buffer that resulted in a significant increase in CN activity and conservation of 

CN activity during sample storage. This was hypothized to be caused by prevention 

of CN oxidation that is known to be enzymatically inactivated by oxidation(12,13). 

Furthermore CN inhibition by both TRL and CsA was found in vitro as well as in 

renal allograft recipients treated with either TRL or CsA.  

In Chapter 3 we investigated the relation between CN inhibition, inhibition of T cell 

cytokine excretion and their relation at therapeutic CsA concentrations. Blood from 

healthy volunteers incubated with relevant high range CsA concentrations (2500 

μg/L) showed only a minor increase in CN inhibition when CsA was added in 

excess (25000 μg/L). In addition, no increase in cytokine excretion after CD3/CD28 

stimulation was observed. This indicated that in the system used, at 2500 μg/L, 

CsA approaches immunosuppressive saturation. At relevant target C0/C2 levels 

early and late after renal transplantation (100, 250, 600 and 1700 μg/L) every 

condition represented a distinct immunosuppressive state. In addition after an initial 

CN inhibition threshold, small increases in CN inhibition resulted in relatively large 

changes in T cell cytokine excretion. No cyclophilin limitation at 2500 μg/L CsA 

could be detected. These results showed that CN activity could act as a relevant 

marker to monitor CsA based immunosuppression. 

As a follow-up, we investigated whether the leukocyte fraction is a representative 

matrix for monitoring CsA therapy by CN activity measurement in renal allograft 

recipients. This is described in Chapter 4. Large inter-individual variation in CN 

activity was observed in renal allograft recipients receiving CsA. In addition, large 

variation in sample composition was observed when parallel to CN activity, 
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leukocyte concentrations of granulocytes, monocytes and lymphocyte subsets 

including T cells B cells and NK cells in peripheral blood were determined. Next, 

cell specific CN activities and CsA inhibition curves were determined and revealed 

cellular differences in CN activity. Similar cellular differences have been observed 

previously(14). No clear deviations in CsA inhibition profiles for the different 

leukocyte subsets were observed as has been described before(15). Altogether, 

these results could indicate that sample composition, at least partially, determines 

CN activity measurement outcome. When applying CN activity monitoring in clinical 

practice CN activity could therefore be biased by sample composition. Interestingly, 

the sample composition effect could also be relevant for other PD markers used 

such as mRNA transcripts or cytokines excretion markers. Here T cell specific 

mRNA transcripts isolated from the mononuclear cell fraction are used as readout 

and expressed against reference transcripts available in all mononuclear cells(16-

18). Variation in relative T cell concentration between and within individuals could 

therefore confound these markers in a similar way. An interesting next step would 

be to monitor specifically in the target compartment(s) of CNI; the T cells. T cell 

specific readout assays could eliminate the compositional effects on measurement 

outcome and in addition, monitor in the immunological relevant cells(19,20).  

To anticipate on the suggested higher specificity of T cell specific 

pharmacodynamic assays, we have developed a T cell specific CN assay for 

monitoring CsA therapy (Chapter 6). In this protocol T cells were isolated from 

peripheral blood using paramagnetic beads coated with anti-CD3 antibodies. T 

cells isolates from peripheral blood were highly pure 95% ± 1.5% and showed to be 

a representative sample of whole blood T cells, since no differences in CD4+ and 

CD8+ subsets were found. When coupled to the CN activity assay protocol, 

adequate analytical performance was observed and no washing out of CsA during 

sample preparation. In addition, in 6 renal allograft recipients receiving CsA 

therapy, inhibition of T cell specific CN activity was observed. In future studies it 

would be very interesting to investigate the relevance of the T cell specific 

calcineurin activity marker as tool for monitoring CsA therapy. Measurement of 

other intracellular T cell markers such as protein concentrations or their activities, 

drug concentrations and metabolic compounds could be very relevant markers for 

a large variety of diagnostic fields.   

 

Fundamental properties of PD strategies 

To gain insights in the current status of PD monitoring for CNI therapy, a review of 
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recent literature on this subject was performed (Chapter 5). Two different types of 

PD monitoring strategies have been investigated. The first type monitors enzyme 

activity and the second cellular responsiveness after in vitro stimulated 

immunological responses. CN activity has been measured in various cellular 

fractions such as whole blood, leukocytes and peripheral blood mononuclear cells 

(PBMC) and is usually performed in conditions of co-reagent excess. It is therefore 

more appropriate to refer to as CN capacity measurement. For immunological 

strategies simulation of immunological responses is performed by mitogen or 

CD3/CD28-directed T cell activation. Immune responsiveness has been 

investigated at several levels such as mRNA transcripts, (intracellular) 

concentration/excretion of cytokines, expression of surface activation markers and 

cell proliferation. So far, clear relations of such markers with drug concentrations 

have been observed, but no definite clinical benefits have been reported(19,21,22). 

The large inter-individual variation of pharmacodynamic marker outcome could not 

been explained by clinical end-points such as acute rejection. Better insight in the 

large inter-individual variation is relevant to understand and further develop new, 

more accurate markers. Strategies including pharmacodynamic parameters have 

proven to be valuable in studying pharmacological drug-drug interactions of 

combinational immunosuppressive therapy applied in allograft recipients and 

visualizing in vivo immunosuppression(23-26).  

We have used pharmacodynamic strategies to investigate the drug-drug interaction 

between TRL and the mTOR inhibitors sirolimus (SRL) and everolimus (EVL) 

(Chapter 7). Combinational therapies including mTOR inhibitors are increasingly 

applied in allograft recipients. However, based on the pharmacological mechanism 

of mTOR inhibition by the mTOR inhibitors and CN inhibition by TRL, 

pharmacological interactions can be expected. Both drugs bind to FK-binding 

proteins and complexes of either FK-binding protein with TRL or mTOR inhibitor 

selectively inhibit CN and mTOR respectively(27-29). We have tested the effect of 

the mTOR inhibitors SRL and EVL on TRL based CN inhibition in PBMC cell 

cultures. First, no CN inhibition was observed for both SRL and EVL. Next 

combinations of mTOR inhibitor with TRL led to increased TRL IC50 values for CN 

activity as well as IL2 excretion after mitogen stimulation. This was reproduced in 

10 healthy volunteers. No antagonism was observed for CsA, which does not 

require FKBPs for CN inhibition. When FKBP12 was added to cell lysates TRL 

antagonism by SRL and EVL could be reversed. Altogether, these results indicate 

that competition for FKBP binding sites mediates the antagonism. Since all 
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experiments have been performed in culture conditions, the clinical relevance of 

the antagonism remains unknown. Due to the presence of irrelevant binding sites 

in whole blood that are absent in culture medium extrapolation of culture 

concentrations is required, as has been demonstrated for CsA(30). It would be very 

relevant to investigate whether this antagonism occurs under relevant in vivo blood 

concentrations of mTOR inhibitors and TRL.  

 

Overall conclusions and future perspectives 

This thesis shows that pharmacodynamic monitoring strategies, including CN 

activity, are very helpful in describing immunosuppressive responses and 

interactions. Especially in well controlled in vitro experimental set-ups these assays 

can be used to investigate drug properties and interactions. CN activity was very 

useful to illustrate the pharmacological and immunological interaction of TRL with 

the mTOR inhibitors SRL and EVL. This rate limiting interaction is mediated via 

competition for the relevant chaperone for both drug classes. A relevant follow-up 

would be to investigate the clinical relevance of this interaction.   

Unfortunately, the pharmacodynamic monitoring strategies are not ready yet for 

clinical use as marker to guide drug dosing. For the final transition from 

investigative tools to relevant biomarkers, insight in the analytical and biological 

variables appears to be of key importance. We have illustrated the importance of 

sample/matrix choice. Confounding of measurement outcome by sample 

composition should be avoided or at least adjusted for. Specific measurement in 

the relevant pharmacological and immunological target compartments of CNI to 

evade from these methodological confounders.     

In this respect we have developed a T cell specific CN assay that showed 

acceptable analytical performance. T cell specificity could also contribute to 

improved performance of other pharmacodynamic markers for monitoring CNI 

therapy such as T cell specific cytokines, mRNA and cell surface T cell activation 

markers. This could be performed by for instance T cell specific stimulation and 

includes the activation of T cells by targeting specific T cell epitopes e.g. CD3 and 

CD28. In such assays, optimization of the time interval should prevent secondary 

activation of other cells present due to cytokines produced by activated T cells. 

Finally, T cell specific assays to asses T cell specific CN activity need to be 

validated as a marker for monitoring CsA therapy in a large cohort of patients 

treated with CNIs in order to proof their clinical relevance.  

This thesis has demonstrated that the anticipation on analytical confounders, such 
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as sample choice, is crucial for the development of CN activity as a marker that has 

the intrinsic property to visualize CNI pharmacodynamics. 
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