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The measurement of whole blood (WB) concentrations has been the primary method

for therapeutic drug monitoring of tacrolimus since its introduction in the field of

organ transplantation. However, >99% of tacrolimus measured in WB is bound to

erythrocytes and plasma proteins, which are the pharmacologically inactive fractions.

The pharmacologically active fractions, the free (or unbound) tacrolimus in plasma

and the intracellular tacrolimus, make up 1% or less of the WB concentration. The

mechanism of action of tacrolimus is to inhibit the enzyme calcineurin within T lym-

phocytes and, therefore, measuring the intralymphocytic tacrolimus concentration

may better reflect its pharmacodynamic effects and better correlate with clinical out-

comes. However, studies on intracellular tacrolimus concentrations have shown con-

flicting results. In this review, we argue that we need to overcome the analytical

limitations of current assays for the measurement of intracellular tacrolimus before

moving this technique into the clinical setting. The validity and standardization of the

cell isolation process before the measurement of the intracellular tacrolimus concen-

tration is as important as the measurement itself but has received little attention in

our view. Recent evidence suggests that the addition of an inhibitor of

P-glycoprotein, an efflux transporter expressed on lymphocytes, prevents the expul-

sion of tacrolimus during the cell isolation process. Refining the technique for the

intracellular tacrolimus concentration measurement should be the focus followed by

clinical evaluation of its association with rejection risk.
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1 | INTRODUCTION

Thirty-six years ago, tacrolimus was isolated from the fermentation

broths of Streptomyces tsukubaensis, a bacterium found in the soil on

the foothills of Mount Tsukuba in Ibaraki, Japan.1,2 Originally identi-

fied as a macrolide, tacrolimus exhibited suppressive activity against

alloreactive T lymphocytes in mixed lymphocyte reactions giving this

Mount Tsukuba macrolide immunosuppressant, its name.3 Interestingly,

Mount Tsukuba is known in Japanese folklore for being blessed by a

god, and it is described as a place with rich vegetation and abundant

nature.1 It is fascinating to consider a drug derived from an organism

found on this god-blessed mountain, which has contributed so much

to the success of solid organ transplantation.4

Since its discovery, tacrolimus rapidly became the cornerstone of

maintenance immunosuppressive regimens in kidney transplantation.

Numerous studies, including randomized controlled trials, registry

studies and meta-analyses, consistently demonstrated the superiority

of tacrolimus over its calcineurin (CN) inhibitor predecessor,

cyclosporine A.5–9 Tacrolimus has been shown to improve kidney

allograft survival, reduce the incidence of acute rejection and better

preserve kidney allograft function.5–9 Tacrolimus withdrawal, avoid-

ance or conversion is associated with an increased risk of allograft

rejection.10–14 Various modern studies now focus on low-exposure

tacrolimus regimens rather than tacrolimus-free immunosuppres-

sion.8,15–17 This further emphasizes the significance of tacrolimus in

the current landscape of organ transplantation.

Despite its remarkable efficacy, tacrolimus' full potential may not

have been realized yet. The high interpatient variability in tacrolimus

exposure is 1 of the main reasons for performing therapeutic drug

monitoring (TDM) of this drug. For this purpose, the whole blood

(WB) concentration is routinely measured. With TDM, the tacrolimus

dose is targeted to a therapeutic WB concentration range, but despite

this, allograft rejection and toxicity still occur, even in patients who

are on target.18,19 In this paper, we argue that the outcomes of tacroli-

mus therapy may be improved further by performing TDM in a matrix

other than WB, namely the intralymphocytic compartment.20–22

2 | THE CURRENT STATE AND
LIMITATIONS OF TACROLIMUS TDM

The pharmacokinetic properties of tacrolimus make it a typical drug

that benefits from TDM (Figure 1). The measurement of WB tacroli-

mus concentrations is the classic TDM approach to optimize the bal-

ance between toxicity and efficacy (i.e. the prevention of rejection).

For this purpose, the tacrolimus predose (C0) is routinely used,

although some centres rely on more rich pharmacokinetic sam-

pling.20,23 Studies have consistently shown that higher WB predose

concentrations of tacrolimus are associated with reduced risk of acute

rejection but an increased risk of nephrotoxicity.24–26 Conversely,

lower tacrolimus predose WB concentrations are associated with a

higher risk of acute rejection but lower risk of toxicity.24–26 The thera-

peutic window for the WB predose tacrolimus concentration used to

be wide, ranging from 5 to 15 ng/mL in the early phase after kidney

transplantation.24,25 Modern therapeutic targets have been adapted

from the landmark ELITE-SYMPHONY study, which targeted

F IGURE 1 Concept of medications requiring therapeutic drug monitoring.
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tacrolimus to 3–7 ng/mL.8 This study demonstrated the superiority of

tacrolimus over cyclosporine A and sirolimus-based regimens in terms

of kidney allograft survival and acute rejection incidence. However,

careful interpretation of this target range is essential since the actual

mean predose tacrolimus concentration throughout the study period

was �6–7 ng/mL, which was at the upper end of the target range.

Subsequent studies confirmed that WB predose concentrations <5–

6 ng/mL are associated with allograft rejection and the formation of

de novo donor-specific anti-human leucocyte antigen antibodies,

while concentrations >8–10 ng/mL were associated with increased

infection risk, neurotoxicity, nephrotoxicity and post-transplant diabe-

tes mellitus.27–32 The Consensus on Managing Modifiable Risk in

Transplantation Group recommended a predose tacrolimus WB con-

centration of 5–10 ng/mL in the first year after transplantation when

used together withmycophenolic acid (MPA).33

Nonetheless, kidney transplant recipients on tacrolimus therapy

may still experience acute rejection despite having an exposure within

the recommended 5–10 ng/mL target concentration range. This phe-

nomenon was highlighted by Bouamar et al., where combined data

from 3 large, randomized, controlled trials were analysed (the ELITE-

SYMPHONY, FDCC and OPTICEPT studies).34 In these trials, all

kidney transplant recipients were on a regimen of tacrolimus and

MPA, and the median tacrolimus predose concentrations were within

the 6–11 ng/mL range. There was no significant difference in

tacrolimus concentrations between recipients who experienced acute

rejection and those who did not.

This study provided important insights into the complexities of

tacrolimus therapy and TDM in kidney transplant recipients. While

target predose tacrolimus concentrations <5 ng/mL are associated

with an increased risk of rejection and concentrations >10 ng/mL may

lead to toxicity, the study highlights the limitations of relying solely on

these coarse adjustments within the so-called therapeutic range (5–

10 ng/mL). The fine adjustment for tacrolimus exposure within the

therapeutic range remains poorly understood. For instance, the ques-

tion arises whether a tacrolimus concentration of 6 ng/mL would

result in a similar incidence of allograft rejection compared to a level

of 9 ng/mL.

Moreover, evidence has shown that identical tacrolimus predose

WB concentrations do not necessarily indicate comparable total drug

exposure, as measured by the area under the concentration vs. time

curve (AUC), among different individuals. This phenomenon is particu-

larly observed in recipients exhibiting a flat peak concentration pat-

tern of the tacrolimus AUC, which contrasts with the normal peak

pattern observed in the majority of recipients.35 In addition, the same

predose concentrations of tacrolimus may lead to varying exposure

among recipients with high intrapatient variability. In recipients with

high intrapatient variability, there is a possibility of unrecognized

drops in tacrolimus concentrations, thereby increasing the risk of

acute rejection, despite apparent concentrations remaining within the

therapeutic range during each hospital visit.20,29,36,37 Certain recipi-

ents, who require a high dose of tacrolimus to reach the desired target

C0, exhibit a low C0/tacrolimus dose ratio. This pharmacokinetic pro-

file leads to elevated peak concentrations compared to recipients with

a high C0/tacrolimus dose ratio. This increased tacrolimus peak con-

centration is associated with an increased risk of nephrotoxicity, BK

virus infection and graft loss.38 These studies have only begun to

uncover the complexities surrounding the estimation of tacrolimus

exposure and the importance of TDM.

Based on the available evidence, it is undeniable that monitoring

WB tacrolimus has considerably improved the outcomes of tacrolimus

therapy. Nonetheless, it remains imperfect. Shifting our focus to

another dimension of TDM, the integration of pharmacodynamic

monitoring of tacrolimus could potentially emerge as a pivotal tool for

refining the TDM process of this drug. By supplementing predose

concentration measurements, this approach has the potential to pro-

vide invaluable insights into how an individual patient responds to the

medication, thus enabling the customization of treatment protocols

accordingly.39–41 Nevertheless, it is crucial to acknowledge the exist-

ing limitations within the current landscape of pharmacodynamic

monitoring of tacrolimus, which presently limit its integration into rou-

tine clinical practice.

3 | LIMITATIONS OF
PHARMACODYNAMIC MONITORING AND
ALTERNATIVES

Treatment with several drugs can be monitored by measuring their

pharmacodynamic activity. For instance, the dose of vitamin K antago-

nists (such as warfarin) can be based on the international normalized

ratio, insulin treatment can be guided by blood glucose and HbA1c

concentrations, and antihypertensive drug therapy can be guided by

individual blood pressure measurements. Regrettably, immunosup-

pressive agents currently lack reliable and reproducible pharmacody-

namic monitoring tools that provide feedback on a recipients' immune

status, enabling dosage adjustments before rejection occurs. There

remains a critical need for the development of pharmacodynamic

monitoring tools to enhance therapeutic precision and patient out-

comes of immunosuppressive therapy.

Examples of approaches for pharmacodynamic monitoring of

tacrolimus include monitoring of CN phosphatase activity, nuclear

translocation of nuclear factor of activated T lymphocytes (NFAT) or

NFAT-regulated gene expression, and of less specific immunological

biomarkers such as T lymphocyte-produced cytokines (e.g. interleukin

[IL]-2 production), the expression of T lymphocyte surface activation

markers (e.g. CD25, CD134, CD137 or CD154) and intracellular aden-

osine triphosphate changes.39,40,42,43 Although most studies linking

the pharmacodynamic biomarkers of tacrolimus with clinical outcome

were small and explorative in nature, some studies were able to dem-

onstrate such an association more reliably. For example, the NFAT-

regulated gene expressions of IL-2, interferon-γ and granulocyte–

macrophage colony-stimulating factor were shown to correlate with

acute rejection and recurrent infections in kidney transplant recipients

receiving tacrolimus. Recipients with biopsy-proven acute rejection

showed significantly higher levels of residual NFAT-regulated gene

expression, and vice versa for recipients with recurrent infection.44

UDOMKARNJANANUN ET AL. 3
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Another study in liver transplant recipients demonstrated a signifi-

cantly higher CN activity in recipients with acute rejection compared

to recipients without rejection.45 However, despite these promising

findings, these pharmacodynamic biomarker studies have not been

incorporated into routine monitoring due to their lack of external vali-

dation, labour intensiveness and the requirement for expensive instru-

ments. Furthermore, the sample sizes of these biomarker studies have

mainly been limited to proof-of-concept analyses, and they have not

been sufficient to demonstrate an impact on clinical practice. Further-

more, the protocols for measurement and analyses of these bio-

markers are complex and vary across different transplantation

laboratories, requiring standardization for broader application.

Nonetheless, the potential benefits of pharmacodynamic bio-

markers are significant. If these biomarkers are validated and become

available in the future, tacrolimus dose adjustments could be made

proactively as soon as signs of rejection begin to emerge. This proac-

tive approach would allow for fine-tuning of the drug before allograft

injury occurs, potentially leading to improved outcomes and a reduc-

tion in rejection episodes.

4 | ALTERNATIVES FOR WB TDM OF
TACROLIMUS

Given the shortcomings of traditional WB-based TDM and in the

absence of reliable pharmacodynamic biomarkers for tacrolimus, other

strategies for TDM have been explored. When tacrolimus is consid-

ered in WB, approximately 80–85% of the drug binds to erythrocytes,

as they contain abundant intracellular FK-binding protein, the target

protein of tacrolimus.20,46,47 The remaining 15% of tacrolimus in WB

is bound to plasma proteins.47,48 However, tacrolimus bound to eryth-

rocytes and plasma proteins is pharmacologically inactive, and only

the unbound fraction and the tacrolimus present within the leucocyte

compartment are pharmacologically active. As a result, this active

component (i.e. the intracellular tacrolimus concentration) accounts

for merely 1% (with variability among patients) of the WB tacrolimus

concentration measured in clinical practice.

The correlation between intracellular drug concentrations and

clinical efficacy is perhaps best demonstrated in studies of antiretrovi-

ral therapy.49 A study of zidovudine and lamivudine showed that

intracellular concentrations of these drugs were significantly corre-

lated with changes in human immunodeficiency virus (HIV) viral load,

while there was no association between their plasma concentrations

and efficacy.50 The median time to suppressed viral load was signifi-

cantly shorter in patients with HIV infection who had intracellular

zidovudine concentration higher than 30 fmol/million cells, compared

to those with intracellular zidovudine concentration below this

threshold.51

Given that the mechanism of action of tacrolimus involves inhibit-

ing CN activity within T lymphocytes, the intracellular tacrolimus con-

centration may better represent the pharmacologically active

component compared to WB concentration.52,53 Recent studies con-

ducted by a Spanish group demonstrated a significantly negative

correlation between the peak concentration of intracellular tacrolimus

and the maximum inhibition of CN in stable kidney transplant recipi-

ents receiving extended-release tacrolimus.54 However, the same cor-

relation could not be established between the WB concentration and

CN activity, suggesting that the intracellular tacrolimus concentration

may provide a more accurate explanation of the pharmacodynamic

action at the intracellular level.52,55 Other studies have also shown an

association between intracellular tacrolimus concentrations and phar-

macodynamic parameters including CN inhibition and intracellular IL-2

and interferon-γ production.56–58

5 | PROGRESS IN INTRACELLULAR
TACROLIMUS CONCENTRATION
MEASUREMENT

The first study to demonstrate the potential of the intracellular tacroli-

mus concentration for clinical practice was conducted in liver trans-

plant recipients. The authors reported a significant association

between decreased intracellular tacrolimus concentrations in periph-

eral blood mononuclear cells (PBMCs) and higher Banff scores for

acute liver allograft rejection.59 Conversely, they did not observe any

correlations between WB tacrolimus concentrations and Banff scores

for acute rejection. This pioneering study paved the way for subse-

quent research exploring the use of intracellular tacrolimus concentra-

tion in predicting and diagnosing allograft rejection. However,

subsequent studies have not replicated the correlation between intra-

cellular tacrolimus concentration and acute rejection, leading to con-

flicting results.59–65 The summary of characteristics of studies

investigating intracellular tacrolimus concentrations and clinical out-

comes in solid organ transplantation is shown in Table 1.

Several aspects require careful consideration when interpreting

the conflicting results of the above-mentioned studies on the intracel-

lular tacrolimus concentration. First, the study by Capron et al., which

demonstrated the association between acute rejection and intracellu-

lar tacrolimus concentration, was conducted in liver transplant recipi-

ents who received tacrolimus monotherapy.59 Consequently, the

association between tacrolimus and the risk of rejection was not inter-

fered with by other immunosuppressive medications, unlike in later

studies conducted in solid organ transplant recipients receiving stan-

dard, triple immunosuppression. Second, the timing of intracellular

tacrolimus measurements is crucial. For instance, in protocols that

involve a single time-point measurement of the intracellular tacroli-

mus concentration, the correlation with acute rejection may be less

when the measurement is performed relatively remote from the clini-

cal event.60,62 Third, to ensure accurate measurement of intracellular

tacrolimus concentration and avoid falsely elevated results, a red

blood cell lysis step is necessary to purify PBMCs and eliminate eryth-

rocytes from the sample. Previous studies have clearly shown that

without red blood cell lysis and washing steps, intracellular tacrolimus

concentrations in PBMCs can be 38–58% higher, compared to when

the red blood cell lysis steps is applied.66 The red blood cell lysis

buffer was incubated with PBMCs and subsequently washed.

4 UDOMKARNJANANUN ET AL.
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Following this washing process, the PBMC pellet became clear, devoid

of any red colour, in contrast to its appearance before incubation with

the solution. A single washing step using the red blood cell lysis buffer

proved sufficient to purify the PBMC pellet. This method offers

greater reliability in eliminating erythrocytes and the associated con-

tamination of intracellular tacrolimus in PBMCs, in comparison to the

traditional method relying on a visual scale for assessing the redness

of the cell pellet.62,66 Finally, since the action of tacrolimus is to inhibit

CN activity within T lymphocytes and the proportion of T lympho-

cytes in PBMCs can vary among individuals, using total PBMCs as the

matrix of measurement could lead to additional confounding from

irrelevant cells.67

To address these limitations, we recently performed a study to

overcome some of these limitations.64 In this study, PBMCs, T lym-

phocytes and monocytes were used as the matrices for measuring

intracellular tacrolimus, and additional red blood cell lysis steps were

incorporated to ensure accurate measurement.64 The timing of sample

collection was synchronized with the predose tacrolimus concentra-

tion sampling and was performed on the same day as the kidney allo-

graft biopsy. Again, this study did not demonstrate a significant

association between intracellular tacrolimus concentrations in T lym-

phocytes, monocytes or PBMCs and acute rejection. However, the

study did reveal 2 important findings. First, the intracellular tacrolimus

concentrations in T lymphocytes were found to be much lower than

in monocytes, with median values of 12.8 and 81.6 pg/million cells,

respectively. Second, cryopreserved samples from retrospectively

enrolled recipients exhibited significantly lower intracellular tacrolimus

concentrations compared to samples that did not undergo the freeze

and thawing processes. This observation suggested that tacrolimus

may be lost during the freeze–thaw process.

To gain a deeper understanding of the differences in intracellular

tacrolimus concentrations between T lymphocytes and monocytes, a

subsequent study delved into the underlying mechanisms.68 Through

the use of flow cytometric analyses for cell surface markers and intra-

cellular cytokines, western blotting and rhodamine-123 activity mea-

surement, the authors confirmed that T lymphocytes possess higher

activity of P-glycoprotein (P-gp),69 which serves as the efflux trans-

porter of tacrolimus,70,71 and lower FK-binding protein (the tacrolimus

receptor) levels compared to monocytes. These molecular differences

explain why in T lymphocytes intracellular tacrolimus concentrations

are lower than in monocytes. Furthermore, the study revealed that

when the cell isolation process is conducted without the use of a P-gp

inhibitor (verapamil), a significant amount of tacrolimus is lost from T

lymphocytes via the P-gp-mediated efflux. In this study, verapamil

was promptly added to the blood immediately after collection and to

each solution used in the cell isolation process, ensuring the preserva-

tion of intracellular tacrolimus. We believe these findings once again

highlight the importance of optimization of the intracellular tacrolimus

assay and that this can be made more accurate by incorporating a

P-gp inhibitor during the cell isolation process.68 Notably, the effec-

tiveness of a selective P-gp inhibitor, PSC833, in preventing tacroli-

mus efflux during cell isolation has not been assessed. Consequently,

it would be intriguing to explore the impact of different P-gpT
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inhibitors by comparing PSC833 with verapamil in preserving intracel-

lular tacrolimus during the cell isolation process.72

Cell isolation under cold (4�C) temperature was proposed as

another method to prevent tacrolimus efflux by P-gp. However, it is

important to note that various steps of the process require a consis-

tent temperature to obtain an adequate number of T lymphocytes for

measuring intracellular tacrolimus concentration. Altering the temper-

ature during these steps can lead to reduced cell yield, lower cell via-

bility, and increased contamination by granulocytes and erythrocytes

(Ficoll-Paque Plus, GE Healthcare, Uppsala, Sweden, and pan T cell

isolation kits, Miltenyi Biotec, Bergisch Gladbach, Germany). This can

result in an insufficient number of T lymphocytes for the measure-

ment of intracellular tacrolimus concentration. Therefore, we recom-

mend the use of a P-gp inhibitor over cold centrifugation, as the latter

may lead to decreased cell isolation yield or necessitate the collection

of a larger blood volume.

6 | WHAT NEEDS TO BE DONE BEFORE
IMPLEMENTATION OF INTRACELLULAR
TACROLIMUS CONCENTRATION
MEASUREMENT INTO CLINICAL PRACTICE?

Although the expert consensus from the International Association of

Therapeutic Drug Monitoring and Clinical Toxicology provides

detailed guidelines on the cell isolation process and the method for

measuring intracellular tacrolimus concentration,53 several questions

and challenges remain to be answered before the measurement of the

intracellular tacrolimus concentration can be implemented in

routine TDM.

The first challenge involves the technical intricacies of the cell iso-

lation process and the use of drug transporter inhibition. As tacrolimus

in WB of recipients is in steady state, the goal is to capture a snapshot

of the intracellular tacrolimus concentration ex vivo to reflect its

in vivo state. Failure to add a P-gp inhibitor during the cell isolation

process may result in the loss of intracellular tacrolimus from T lym-

phocytes and PBMCs, leading to less precise measurements. While

the impact of genetic polymorphisms of ABCB1,69 the gene that

encodes P-gp, on the need for P-gp inhibitors during cell isolation

remains unexplored, it is possible that recipients with specific ABCB1

alleles that decrease P-gp expression may not require such inhibi-

tors.73 Nonetheless, current evidence supports the empirical practice

of adding P-gp inhibitors to every sample, as it has shown no adverse

effects. The requirement of adding a P-gp inhibitor to the blood sam-

ple immediately after it is drawn and the need for the cell isolation

process to be completed as soon as possible (to prevent potential loss

of tacrolimus from the cells) are labour-intensive steps that may limit

the feasibility of this approach in routine clinical practice.

Indeed, beyond P-gp, there is a possibility that the intracellular

tacrolimus concentration is affected by other unidentified and rele-

vant efflux transporters. However, the current evidence indicates that

P-gp is the only relevant efflux transporter for tacrolimus in

PBMCs.52,68,74 The role of influx transporters in mediating the uptake

of tacrolimus into cells remains an area of active research and is not

yet fully elucidated.75 In a recent French study, several potential influx

transporters were investigated and these included organic anion

transporter, organic anion transporting polypeptide, concentrative

nucleoside transporter 3 (CNT3) and equilibrative nucleoside trans-

porter 1 (ENT1), as candidates for tacrolimus uptake into cells. The

experiments involving organic anion transporter and organic anion

transporting polypeptide did not show a significant influence on the

uptake of tacrolimus in PBMCs, suggesting that these transporters do

not play a major role in facilitating the entry of tacrolimus into cells.76

The experiments of CNT3 and ENT1 showed some correlation

between protein expression and the intracellular tacrolimus-to-WB

concentration ratio. However, the overexpressing cellular models used

in this study could not conclusively demonstrate the definitive roles

of CNT3 and ENT1 in tacrolimus uptake.74 Further research is needed

to determine whether these transporters indeed contribute signifi-

cantly to the influx of tacrolimus. When contemplating the involve-

ment of influx transporters in the cell isolation process, wherein cells

are isolated in a tacrolimus-free medium, the significance of influx

transporters may be less pronounced in comparison to the efflux

transporters.

The intracellular tacrolimus concentration is typically expressed

as a unit of mass per a specific number of cells, such as pg/million

cells. However, there is currently no specific recommendation for the

method of cell counting, whether it involves automated machinery or

manual counting.53 The use of automated counting systems offers the

advantage of increased reproducibility and reduced variability across

different centres. However, their precision diminishes when the cell

count falls below the lower limit of detection, which is not an uncom-

mon scenario for transplant recipients. Additionally, these systems

provide information on mean cell volume, which can be valuable for

normalizing intracellular tacrolimus concentrations in matrices con-

taining diverse cell types, such as PBMCs.77 Future research should

investigate the comparison between different units of measurement

(e.g. pg/million cells vs. pg/mL normalized with mean cell volume) and

their associations with clinical outcomes. The use of highly sensitive

assays, such as liquid chromatography–tandem mass spectrometry,

for measuring intracellular tacrolimus presents a challenge due to its

cost and availability, which may impact its widespread adoption in

standard clinical practice.53,66

Another aspect that requires consideration is the choice of matrix

for measuring the intracellular tacrolimus concentration. Initially, the

intracellular tacrolimus concentration in PBMCs appeared to be a

more reliable representation than WB concentration. However, since

tacrolimus functions by inhibiting CN activity within T lymphocytes,

utilizing T lymphocytes as a matrix for measuring intracellular tacroli-

mus concentration might enhance the clinical correlation compared to

PBMC concentration. Other studies have demonstrated that B-cell

development and their immunological response are also influenced by

the CN phosphatase complex and NFAT.78,79 This suggests that not

only T lymphocytes but other cell types may also be affected by tacro-

limus. The correlation between intracellular tacrolimus concentrations

in each PBMC subpopulation and their corresponding
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pharmacodynamic effects needs to be evaluated. Nevertheless, the

correlation between intracellular tacrolimus concentration in each cell

type and its pharmacodynamic effects might not be linear and may

vary among cell types. Consequently, a pharmacokinetic model at the

cellular level for each subpopulation in PBMCs (T lymphocytes, B lym-

phocytes, monocytes and natural killer lymphocytes) might be neces-

sary. However, determining such a model would require a large

volume of blood to extract sufficient amounts of each cell type, which

is currently not feasible with the available cell isolation technology.

The second issue related to the measurement of intracellular

tacrolimus concentration is its clinical application. We conducted a

systematic review on PubMed, utilizing the following MeSH term:

(‘Leukocytes, Mononuclear’[Mesh]) AND ‘Tacrolimus’[Mesh], to iden-

tify prior studies that employed intracellular tacrolimus concentration

at the predose timepoint for assessing its correlation with acute rejec-

tion episodes (Table 1). It was recently demonstrated that a strong

correlation exists between the intracellular tacrolimus predose con-

centration and its AUC up to 24 h (Pearson's correlation

coefficient = 0.927).54 This finding should, however, be confirmed in

future studies. It is possible that other concentrations, such as peak

concentration, could also serve as surrogates for total exposure of

intracellular tacrolimus concentration. Determining the optimal time-

point for measurement is another critical consideration. Potential

timepoints include measuring the intracellular concentration at the

time of allograft dysfunction (either on the same day or in the previ-

ous week), exploring the time-average chronic exposure (e.g. median

or mean intracellular tacrolimus concentration in the past 6 months

before rejection occurs), and assessing the intrapatient variability of

intracellular tacrolimus concentration.

If a correlation between efficacy, toxicity and intracellular tacroli-

mus concentration is established and the target concentration range is

known, a pharmacokinetic model for predicting intracellular tacrolimus

concentration from WB concentration would also be valuable. This is

especially important considering that the process of cell isolation and

the measurement technique can be complex and may not be available

in every transplant centre. One study described the steady-state WB-

to-intracellular concentration ratio of tacrolimus in PBMCs using an

effect compartment. The authors found that lean body weight and

haematocrit were associated with the ratio, and by incorporating

these variables into the model, the WB-to-intracellular concentration

ratio can be accurately predicted.80 Additionally, it is important to

investigate whether the ratio of WB-to-intracellular concentration

remains stable over time after transplantation. If this ratio proves to

be consistently stable, a single measurement of this ratio during the

early post-transplantation period could hold valuable benefits. This

measurement could then serve as a reference value for each individual

patient.

It is important to acknowledge that transplant recipients not only

receive tacrolimus but also other immunosuppressive medication such

as MPA or mammalian target of rapamycin inhibitor. Both of these

drugs have pharmacologically active and inactive components in WB

or plasma concentrations.81–83 Similar to tacrolimus, the pharmacolog-

ically active part of mammalian target of rapamycin inhibitor and MPA

(unbound form or intracellular compartment) should be targeted for

possible improvement in TDM that better correlates to their pharma-

codynamics. The absence of a correlation between WB tacrolimus

concentration and allograft rejection may be attributed to suboptimal

active components of other immunosuppressive medications, such as

F IGURE 2 Current concept and research opportunities for intracellular tacrolimus concentration. AUC, area under the curve; MPA,
mycophenolic acid; mTORi, mammalian target of rapamycin inhibitor; PBMC, peripheral blood mononuclear cell.
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MPA or corticosteroids, which should also be a focal point for the

measurement of their pharmacologically active constituents.

Furthermore, certain pharmacodynamic biomarkers, such as IL-2 or

CD25, lack specificity for any particular immunosuppressants.84 Addi-

tional investigations are warranted to establish the association

between intracellular or active components of immunosuppressive

medications and their specific pharmacodynamic biomarkers. Detailed

information on this subject is extensively covered in the review article

and consensus guideline.20,39 Figure 2 illustrates the concept

and current limitations of intracellular tacrolimus concentration

measurement.

7 | CONCLUSIONS: SHOULD WE
ABANDON TACROLIMUS WB TDM AND
MOVE TO INTRACELLULAR
CONCENTRATION MEASUREMENT?

The answer is not yet for now but might become yes in the not-

so-distant future. The measurement of the intracellular tacrolimus

concentration is still in its early stages of development and not ready

for routine clinical implementation. However, the potential benefits

and promising findings from initial studies suggest that further explo-

ration and well-designed studies are warranted to address the techni-

cal issues and clinical applications of this novel approach.85 We will

need more than a single study to answer all of the relevant questions.

As we continue to refine and optimize the measurement techniques,

address technical challenges and conduct further studies, we move

closer to unlocking the full potential of intracellular tacrolimus moni-

toring. Future advancements in cell isolation technology may also help

streamline the process and allow for more precise analysis with

reduced blood volume requirements, making it more feasible for rou-

tine clinical practice. Moreover, the techniques established for the

measurement of intracellular tacrolimus concentration in PBMCs may

be applicable to the measurement of intragraft tacrolimus

concentrations, as studies have shown evidence that local tacrolimus

concentrations in the graft might be associated with rejection and

nephrotoxicity.59,86

Currently, the WB concentration remains the primary and most

widely used method for TDM of tacrolimus in clinical practice. At pre-

sent, TDM of intracellular tacrolimus concentration is still in the ana-

lytical validation phase. Once the measurement of intracellular

tacrolimus concentration becomes available and its technical aspects

are refined, the next step would be to establish its association with

clinical outcomes, during the clinical validation phase. During this

period, it will be essential to establish a target therapeutic concentra-

tion range that correlates with efficacy and toxicity through a

concentration-controlled study. The therapeutic target of intracellular

tacrolimus concentration might fall somewhere within the recom-

mended ranges of WB concentration that have been established

based on the current use of tacrolimus in modern immunosuppressive

regimens. Finally, it will be necessary to demonstrate the clinical utility

of intracellular tacrolimus concentration measurement, whether it is

better than WB concentration monitoring, in a randomized,

controlled trial.85 Alternatively, the combination of traditional WB

concentration-based TDM with intracellular concentration monitoring

might serve as a fine-tuning tool for tacrolimus therapy, providing cli-

nicians with additional information to optimize immunosuppressive

regimens for transplant recipients. We feel that at present, it is too

early to replace traditional WB TDM with the intracellular tacrolimus

concentration measurement as there are still many steps to go

through, most importantly the clinical validation, before implementing

into clinical practice. However, the future holds many research oppor-

tunities in this area.

7.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in. http://www.guidetopharmacology.org, and are

permanently archived in the Concise Guide to PHARMACOLOGY

2019/20.69
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