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Abstract
Tacrolimus is a calcineurin inhibitor used to prevent acute graft versus host disease 
in adult patients receiving allogeneic hematopoietic stem cell transplantation (HCT). 
Previous population pharmacokinetic (PK) models have been developed in solid 
organ transplant, yet none exists for patients receiving HCT. The primary objectives 
of this study were to (1) use a previously published population PK model in adult 
patients who underwent kidney transplant and apply it to allogeneic HCT; (2) evalu-
ate model-predicted tacrolimus steady-state trough concentrations and simulations in 
patients receiving HCT; and (3) evaluate covariates that affect tacrolimus PK in allo-
geneic HCT. A total of 252 adult patients receiving allogeneic HCT were included in 
the study. They received oral tacrolimus twice daily (0.03 mg/kg) starting 3 days prior 
to transplant. Data for these analyses included baseline clinical and demographic data, 
genotype data for single nucleotide polymorphisms in CYP3A4/5 and ABCB1, and 
the first tacrolimus steady-state trough concentration. A dosing simulation strategy 
based on observed trough concentrations (rather than model-based predictions) re-
sulted in 12% more patients successfully achieving tacrolimus trough concentrations 
within the institutional target range (5–10 ng/ml). Stepwise covariate analyses identi-
fied HLA match and conditioning regimen (myeloablative vs. reduced intensity) as 
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INTRODUCTION

Tacrolimus, a calcineurin inhibitor, has been used as a cor-
nerstone immunosuppressive therapy for patients receiving 
allogeneic hematopoietic stem cell transplantation (HCT) for 
almost 3 decades.1 By inhibiting calcineurin phosphatase ac-
tivity, tacrolimus binds to FK506 binding protein, which then 
inhibits calcineurin phosphatase to prevent subsequent cal-
cium-dependent events (e.g., IL2 gene transcription, cytokine 
release, etc.).2 The net effect is inhibition of T-lymphocyte 
activation, which results in immunosuppression.3

Although tacrolimus has been used in patients receiving 
allogeneic HCT for almost 3  decades, dosing information is 
not included in the tacrolimus package insert.4 Clinicians have 
primarily derived tacrolimus dosing in allogeneic HCT from 

a 1999 consensus report, which recommended a weight-based 
dosing strategy of 0.03 mg/kg/day continually infused to pre-
vent acute graft-versus-host disease (aGVHD). Then, the con-
tinuous infusion is converted to twice daily oral tacrolimus 
administration once the patient tolerates oral intake.1,5 However, 
tacrolimus exhibits a narrow therapeutic index that necessitates 
therapeutic drug monitoring, and its wide interindividual and 
intraindividual PK variability complicates therapeutic drug 
monitoring.6,7 Interindividual oral tacrolimus pharmacokinetic/
pharmacodynamic (PK/PD) variability observed clinically has 
been partially attributed to differences in patients’ clinical and 
demographic characteristics, such as age, race, hepatic func-
tion, concomitant medications, and genetic variation.8

Germline genetic variations in genes that encode for 
proteins central to tacrolimus metabolism and transport are 

significant covariates. Ultimately, a previously published tacrolimus population PK 
model in kidney transplant provided a platform to help establish a model-based dose 
adjustment strategy in patients receiving allogenic HCT, and identified HCT-specific 
covariates to be considered for future prospective studies.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Tacrolimus is a cornerstone immunosuppressant used in patients who undergo organ 
transplantations. However, because of its narrow therapeutic index and wide inter-
patient pharmacokinetic (PK) variability, optimizing its dose is crucial to maximize 
efficacy and minimize tacrolimus-induced toxicities. Prior to this study, no tacrolimus 
population PK models have been developed for adult patients receiving allogeneic he-
matopoietic stem cell transplantation (HCT). Therefore, research effort was warranted 
to develop a population PK model that begins to propose more precision tacrolimus 
dosing and begins to address both a clinical and scientific gap in this patient population. 
WHAT QUESTION DID THIS STUDY ADDRESS?
The study addressed whether there is value in utilizing the observed tacrolimus 
steady-state trough concentrations from patients receiving allogeneic HCT within the 
context of a pre-existing population PK model developed for kidney transplant. The 
study also addressed whether there are clinically relevant covariates specific to adult 
patients receiving allogeneic HCT. 
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Inclusion of a single steady-state tacrolimus trough concentration is beneficial to 
model predictions. The dosing simulation strategy based on observed tacrolimus con-
centration, rather than the model-predicted concentration, resulted in more patients 
achieving the target range at first steady-state collection. Future studies should evalu-
ate HLA matching and myeloablative conditioning versus reduced intensity condi-
tioning regimens as covariates. These data and model-informed dose adjustments 
should be included in future prospective studies. This research could also serve as a 
template as to how to assess the utility of prior information for other disease settings. 
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The M2 model fitting method and D2 dosing simulation method can be applied to other 
clinical pharmacology studies where only a single steady-state trough concentration is 
available per patient in the presence of a previously published population PK model.



910  |      ZHU et al.

associated with interindividual tacrolimus in PK/PD variabil-
ity in both the solid organ and the HCT patient populations.9–11 
CYP3A5 has been identified as a gene with functional vari-
ants known to alter tacrolimus PK in seminal guidelines from 
the Clinical Pharmacogenetics Implementation Consortium 
and the Dutch Pharmacogenetics Working Group.12,13 
CYP3A5 encodes CYP3A5, which contributes to tacrolimus 
hepatic metabolism and is responsible for an estimated 40–
50% variability in tacrolimus clearance.14,15 CYP3A5*3 is a 
single nucleotide polymorphism (SNP) that results in an al-
ternatively spliced mRNA, which leads to a premature termi-
nation codon and a nonfunctional protein.15–17 Patients with 
at least one CYP3A5*1 allele have been shown to have lower 
tacrolimus concentrations than patients with a CYP3A5*3/*3 
genotype, which predisposes them to suboptimal immu-
nosuppression.15–18 CYP3A5*6 causes a splicing defect, 
whereas CYP3A5*7 is a single base insertion that causes a 
frameshift. Both CYP3A5*6 and *7 result in premature ter-
mination of CYP3A5, leading to decreased tacrolimus me-
tabolism and increased tacrolimus plasma concentrations.12

Several tacrolimus population PK/PD models that evaluated 
CYP3A5 genotype as a significant covariate have been devel-
oped in solid organ transplantion.19–22 Specifically, Campagne 
et al. published a two-compartmental model, with first-order 
elimination and absorption with a lag time, to describe tacro-
limus PK in patients who underwent kidney transplantation. 
They concluded that tacrolimus clearance was significantly 
associated with CYP3A5 metabolizer phenotype, with more 
rapid clearance among extensive metabolizers (EMs) compared 
with poor metabolizers (PMs; 45 vs. 19.8 L/h).22 CYP3A5 me-
tabolizer phenotype was based on the CYP3A5*3, CYP3A5*6, 
and CYP3A7*7 haplotype.22 Their model concluded that inter-
mediate metabolizers (IMs) and EMs require a 1.5- and 2-fold 
increased dose, respectively, to achieve plasma concentrations 
within the desired therapeutic range.

To date, there has been a plethora of literature focused on 
tacrolimus dose optimization in solid organ transplant (e.g., 
kidney, liver, and heart).22–26 However, solid organ transplant 
aims to prevent organ rejection, whereas HCT aims to mit-
igate aGVHD and develop complete tolerance so that graft 
versus leukemia can be maintained.27,28 Additionally, base-
line organ function differences between patients receiving 
solid organ transplant and allogeneic HCT also exist. These 
underlying differences may mean that solid organ transplant 
models are not entirely applicable to patients receiving allo-
geneic HCT. Few studies have been conducted to derive dos-
ing recommendations for patients receiving allogeneic HCT 
and, to date, there are no population PK models that have 
been developed for tacrolimus in this population. Previously 
published data showed that of 252 patients, only 37.2% (95) 
patients were at therapeutic trough goal (5–10  ng/ml) as 
they reached steady-state on the day of receiving allogeneic 
HCT.9 Ultimately, this is a significant and unresolved clinical 

concern for patients receiving HCT because suboptimal tac-
rolimus concentrations can result in either increased risk of 
aGVHD or tacrolimus-induced toxicities. It has been shown 
that getting to target tacrolimus steady-state trough concen-
trations quicker have been associated with a lower incidence 
of aGVHD and tacrolimus-induced toxicities.29,30 Therefore, 
to explore optimized tacrolimus dosing for patients receiving 
allogeneic HCT, the primary objectives of this study were 
three-fold: (1) to use a previously published population PK 
model in adult patients undergoing kidney transplant and 
apply it to allogeneic HCT, (2) to evaluate model-predicted 
tacrolimus steady-state trough concentrations and simula-
tions in patients receiving HCT, and (3) to evaluate covari-
ates that affect tacrolimus PK in allogeneic HCT.

METHODS

Patients

All study patients provided informed consent prior to study en-
rollment, and the study was approved by the University of North 
Carolina Institutional Review Board (UNC IRB 16–1480). 
Eligible patients were consented if they were greater than or 
equal to 18 years old and treated at the University of North 
Carolina Medical Center (UNCMC) from January 11, 2011 
to May 31, 2016, had received their first allogenic HCT, were 
prescribed oral tacrolimus as part of their aGVHD prophylaxis 
regimen (often with methotrexate), and received active follow-
up at UNCMC post-transplant. Detailed information regard-
ing patient enrollment was previously described.9 Baseline 
clinical and demographic data were collected beginning on the 
first date of the patient’s inpatient admission. Clinical data that 
were collected included diagnosis that led to allogeneic HCT, 
date of HCT, baseline total body weight (TBW), baseline liver 
function tests (aspartate aminotransferase, alanine transami-
nase, and total bilirubin), baseline serum creatinine (SCr), 
HLA match/mismatch, transplant type (matched related or 
matched unrelated donor), hemoglobin levels, source of trans-
planted cells (peripheral blood stem cell, bone marrow, or cord 
blood), conditioning regimen intensity (myeloablative condi-
tioning [MAC] versus reduced intensity conditioning [RIC]), 
and Karnofsky performance status score (0–100). Non-MAC 
regimens were grouped with RIC. Following the UNCMC in-
stitutional Bone Marrow Transplant protocol, oral tacrolimus 
was started 3 days prior to transplant, using a weight-based 
dosing strategy of 0.03 mg/kg twice daily.

Genotyping

Germline DNA was obtained from blood samples at 
UNCMC McLendon Laboratories, or a buccal sample was 
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collected from the patients. DNA collection and extrac-
tion methods have been described previously.9 Eight SNPs 
were included in this study: rs776746 (A>G, CYP3A5*3), 
rs10264272 (G>A, CYP3A5*6), rs41303343 (insT, 
CYP3A5*7), rs274057 (A>G, CYP3A4*1b), rs35599367 
(C>T, CYP3A4*22), rs1128503 (ABCB1, C1236T), 
rs2032582 (ABCB1, C2677T), and rs1045642 (ABCB1, 
C3435T). For the CYP3A4 SNPs, genotyping was performed 
using TaqMan allelic discrimination assays (Applied 
Biosystems, Foster City, CA), and was carried out accord-
ing to the manufacturer’s instructions using a QuantStudio 
6 Real-Time PCR System (Applied Biosystems) as previ-
ously described.9 Genotyping for the three ABCB1 SNPs, 
CYP3A5*3, *6, and *7 were performed using molecular in-
version probes and next generation sequencing in the UNC 
Center for Pharmacogenomics and Individualized Therapy 
as previously described.31 Sanger-based DNA sequencing 
(Eurofins Genomics, Louisville, KY) was performed on a 
randomly selected subset of patient DNA samples (10%, 
n = 25) to validate genotype calls and to confirm thresh-
olds for allelic discrimination.

Patient pharmacokinetic sample analysis

Tacrolimus concentrations from whole blood samples were 
quantified using liquid chromatography-tandem mass spec-
trometry and treated with a protein precipitant reagent con-
taining internal standard. Samples were centrifuged and 
chromatographed using a Waters Alliance 2795 Separations 
Module and Waters Xbridge C18 2.5 µM, 4.6 × 50 mm col-
umn. Tandem mass spectrometry detection was performed in 
multiple reaction monitoring mode using ion transitions. The 
analytic measurement range was 1–40 ng/ml, and the maxi-
mum dilution factor for sample measurement was 10-fold. 
Plasma concentrations of tacrolimus were collected twice 
weekly starting the day of allogeneic HCT. Steady-state 
trough concentrations were collected after at least five doses 
of oral tacrolimus were administered.

Pharmacokinetic data analysis

First, the population PK model published by Campagne 
et al. was recapitulated in Phoenix 64 version 8.2 (Certara, 
Princeton, NJ) using the textual model function.22 For 
model fitting, two independent model fitting methods were 
used. The first method (M1) examined how well the prior 
kidney transplant model predicted the observed tacrolimus 
trough concentrations among UNCMC patients receiving 
HCT, based on UNCMC patient characteristics. The second 
method (M2) also examined the prior model predictions, 
but was based on Bayesian predictions with utilization of 

observed tacrolimus trough concentrations and patient de-
mographic information. For M2, the model was not refitted 
to the data because it was too sparse. Rather, additional 
samples were used to generate model-predicted estimates 
of steady-state trough concentrations. For both models, the 
TBW-based doses were used to predict tacrolimus expo-
sure. For M1 and M2, model simulated steady-state tac-
rolimus trough concentrations were generated and plotted 
against observed trough concentrations. These values were 
then compared for M1 and M2 via computation of the mean 
absolute prediction error as well as by their goodness of fit 
plots using the DV versus individual predicted values. The 
method with better predictive performance was used for 
dosing simulations.

Model-based dosing simulations

Dosing simulations were also performed in Phoenix 64 ver-
sion 8.2. Based on the assumption that there was a linear 
relationship between dose and concentration, the dose adjust-
ment was performed using the schematic shown in Figure 1. 
Briefly, a dose adjustment was only deemed necessary if the 
patient’s first steady-state tacrolimus trough concentration 
was outside of the institutional target concentration range 
of 5–10 ng/ml. The dose adjustment ratio was calculated by 

F I G U R E  1   Dose adjustment schematic. Model-based dose 
adjustment was performed based on this schematic to derive the final 
doses to be applied in the M2 model.
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dividing the target range median (7.5 ng/ml) by the subopti-
mal tacrolimus trough concentration. Then, for each patient 
who achieved suboptimal steady-state tacrolimus trough con-
centrations, their standard weight-based dose was adjusted by 
multiplying the dose adjustment ratio to derive new model-
based doses. New doses were then rounded to the nearest 
0.5 mg tacrolimus capsule size.

The M2 method was then used to evaluate the perfor-
mance of the proposed dose adjustment. Two independent 
methods were used to determine the patients who required 
dose adjustment. The first dosing simulation method (D1) 
utilized the model predictions from M2. If the model-pre-
dicted values were suboptimal, then patients received the 
dose adjustment based on the Figure 1 schematic. The sec-
ond dosing simulation method (D2) based the decision of 
whether a dose adjustment was needed on the observed tac-
rolimus trough concentrations. For both dosing simulation 
methods, the newly derived doses were then applied in the 
model to generate simulated initial tacrolimus steady-state 
trough concentrations. These two sets of predicted con-
centrations, from the two dosing simulation methods, were 
then compared to determine which dose adjustment method 
would likely help more patients to achieve tacrolimus plasma 
concentrations within the institutional target range. Last, the 
two dosing methods were evaluated against the relevant co-
variates for their impact on oral tacrolimus PK.

Stepwise covariate analyses

In addition to the covariates included in the Campagne 
et al. model (CYP3A5 metabolizer phenotype and TBW), 
additional clinical factors specific to adult patients receiv-
ing allogeneic HCT were evaluated. Specifically, a step-
wise regression analysis was used where each covariate 
was analyzed in the order of significance, and in the pres-
ence of other significant covariates. The covariate selec-
tion was conducted using a forward selection (p  <  0.05) 
and backward elimination (p < 0.01) approach. Observed 
first steady-state tacrolimus trough concentrations were 
log10 transformed, and used as the dependent variable. 
Covariates that remained after forward selection fol-
lowed by backward elimination were deemed to be sta-
tistically significant. All covariate effects were estimated 
by the model and p values were generated for each effect. 
Covariate effects were evaluated using JMP Pro 15 (SAS 
Institute, Cary, NC).

Statistical analyses

Concentrations were expressed as medians (range). An 
analysis of variance test was utilized to compare tacrolimus 

concentrations among the three CYP3A5 metabolizer phe-
notype groups, and if the analysis of variance showed  
significance, then pairwise comparisons were conducted. All 
statistical testing was 2-sided, with an a priori significance 
(alpha) level of 0.05 (p < 0.05). Hardy-Weinberg equilibrium 
(HWE) was evaluated using Fisher’s exact test with 1 degree 
of freedom, and SNP genotype calls were considered incon-
sistent with HWE if p < 1 × 10−3. Statistical analyses were 
performed using GraphPad Prism version 8.2 (GraphPad 
Software, La Jolla, CA) and SAS JMP Pro 15.

RESULTS

Patients

A total of 252 patients were included in the final data analysis, 
and baseline characteristics have been previously described.9 
Briefly, 57.5% of the study patients were male, 83.7% were 
White, 11.9% were Black, and 4.4% self-identified as Native 
American or Asian. The median age was 52  years (range 
19–76  years) and median TBW of 85.1  kg (range 42.8–
123.8 kg). Table 1 compares baseline clinical, demographic, and 
genotypic characteristics between the UNCMC and Campagne 
et al. cohorts.22 Differences among characteristics were not ob-
served between the two cohorts, with the exception of baseline 
SCr values (1.5 mg/dl in Camapagne et al. vs. 0.7 mg/dl in the 
UNCMC cohort). Allele calls for all ABCB1 and CYP3A4/5 
SNPs are included in Table S1. When stratified by race, the al-
lele frequencies for CYP3A5*3 and CYP3A4*1b did not signifi-
cantly deviate from HWE, whereas CYP3A4*22 could not be 
properly evaluated for HWE because the predicted minor al-
lele frequency for CYP3A4*22 is less than 5% among all races. 
None of the ABCB1 SNPs deviated from HWE.9

Patient sample analyses

First steady-state trough concentrations were available for 
all patients, and used for PK analyses. The median steady-
state trough concentration was 5.1 ng/ml (0.6–27.1 ng/ml). 
Based on CYP3A5 genotyping results, 182 patients (72.2%) 
were classified as CYP3A5 PMs, 63 patients (25.0%) were 
IMs, and 7 patients (2.8%) were EMs. Median steady-state 
tacrolimus trough concentrations were significantly higher 
in PM patients than IM patients (6.3  ng/ml [1.3–27.1  ng/
ml] vs. 2.8 ng/ml [1.1–20.6 ng/ml]; p < 0.0001). Similarly, 
median steady-state trough concentrations were signifi-
cantly higher in PM patients than EM patients (6.3 ng/ml 
[1.3–27.1 ng/ml] vs. 1.3 ng/ml [0.6–5 ng/ml]; p < 0.0001). 
Last, median steady-state trough concentrations were sig-
nificantly higher in IM patients than EM patients (p = 0.04; 
Figure 2).
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Pharmacokinetic data analyses

The model-predicted tacrolimus trough concentrations from 
the M1 and M2 methods were evaluated against the observed 
steady-state tacrolimus trough concentrations (Figure  3). In 
comparison to the observed tacrolimus concentrations, in the 
setting of method M1, the model prediction improved in pa-
tients who had subtherapeutic concentrations, as evidenced by 
a reduction in the percentage of patients with subtherapeutic 
concentrations from 46.4% to 41.3%, whereas the percentage 
of supratherapeutic patients remained unchanged (16.3%). 
Overall, M1 increased the percentage of patients who reached 
the tacrolimus target range from 37.3% to 42.5% by the first 
steady-state collection. In the setting of method M2, the model 
prediction improved in patients who had supratherapeutic 
concentrations, as evidenced by a reduction in the percentage 
of patients with supratherapeutic concentrations from 16.3% 
to 4.8%, whereas the percentage of subtherapeutic patients 
decreased only slightly from 46.8% to 46.4%. Overall, M2 
increased the percentage of patients who reached the tacroli-
mus target range from 37.3% to 48.8% at first steady-state 

Characteristic

Zhu et al. Campagne et al.

CYP3A5 Metabolizer 
Phenotype

CYP3A5 Metabolizer 
Phenotype

EM IM PM EM IM PM

No. of patients, n (%) 7 (3) 63 (25) 182 (72) 8 (12) 24 (36) 35 (52)

Race Black, n (%) 4 (57) 20 (32) 6 (3.3) 8 (100) 21 (88) 6 (17)

White, n (%) 2 (29) 40 (63) 173 (95) 0 (0) 3 (12) 29 (83)

Female, n (%) 2 (29) 29 (46) 76 (42) 4 (50) 9 (37) 16 (46)

Age, year 59 51 54 46 49 50

TBW, kg 83 84 85 89 90 85

SCr, mg/dL 0.92 0.82 0.7 1.9 1.6 1.3

ABCB1 1236C>T

CC, n (%) 4 (80) 28 (47) 41 (26) 4 (50) 11 (46) 14 (40)

CT, n (%) 1 (20) 24 (40) 91 (57) 4 (50) 7 (29) 14 (40)

TT, n (%) 0 (0) 8 (13) 27 (17) 0 (0) 6 (25) 7 (20)

ABCB1 2677G>T/A

CC, n (%) 4 (100) 33 (66) 45 (34) 7 (88) 17 (71) 13 (37)

CT, n (%) 0 (0) 10 (20) 61 (46) 1 (12) 5 (21) 15 (43)

TT, n (%) 0 (0) 7 (14) 27 (20) 0 (0) 2 (8.2) 7 (20)

ABCB1 3435C>T

CC, n (%) 3 (60) 22 (37) 31 (20) 4 (50) 13 (54) 13 (37)

CT, n (%) 2 (40) 28 (47) 86 (54) 4 (50) 59 (38) 15 (43)

TT, n (%) 0 (0) 10 (16) 41 (26) 0 (0) 2 (8) 7 (20)

Abbreviations: ABCB1, ATP-binding cassette B1; CYP3A5, cytochrome P450 isoform 5; EM, extensive 
metabolizers; IM, intermediate metabolizers; PM, poor metabolizers; SCr, serum creatinine; TBW, total body 
weight.
Baseline characteristics are compared between patients in the current study and the previously published study 
by Campagne et al.22

T A B L E  1   Baseline clinical and 
demographic characteristics

F I G U R E  2   Steady-state tacrolimus trough by CYP3A5 
metabolizer phenotype. Tacrolimus trough concentration at steady-state 
for CYP3A5 metabolizer phenotype. Associations between steady-state 
tacrolimus trough concentrations measured on the day of allogeneic 
HCT (day 0) were evaluated. The black lines denote the median 
tacrolimus concentration. Abbreviations: CYP3A5, cytochrome P450 
isoform 5; EM, extensive metabolizers; HCT, hematopoietic stem cell 
transplantation; IM, intermediate metabolizers; PM, poor metabolizers.
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collection. The mean absolute prediction error for M1 and M2 
were 80.3% and 10.3%, respectively. The M1 and M2 good-
ness of fit plots showed that M2 predicted the observed values 
better than M1, as evidenced by the closer proximity of ob-
served concentrations to the line of unity for M2 (Figure S1). 
Additionally, both M1 and M2 revealed slight under pre-
dictions at higher concentrations, which was similar to the 
Campagne et al. model results.

Model-based dosing simulations

M2 was deemed superior to M1 based on its predictability 
of the observed tacrolimus data. Therefore, M2 was used to 
perform dosing simulations. The model-predicted tacrolimus 
steady-state concentrations after dose adjustments (D1 and 

D2) were evaluated against the observed steady-state tacroli-
mus trough concentrations (Figure 4). When compared with 
the observed tacrolimus concentrations, model-predicted re-
sults from D1 and D2 primarily benefited patients with supra-
therapeutic steady-state tacrolimus trough concentrations. D1 
and D2 reduced the percentage of patients with supratherapeu-
tic concentrations from 16.3% to 8.7% and 9.9%, respectively. 
Additionally, D2 also benefited patients with subtherapeutic 
trough concentrations by reducing the percentage of subthera-
peutic patients from 46.4% to 44.0%. D1 did not benefit sub-
therapeutic patients. Overall, D2 demonstrated an improved 
percentage of patients reaching the tacrolimus target range 
(37.3% to 46.0%) when compared with D1 (37.3% to 43.3%).

Subsequently, the model-predicted tacrolimus steady-state 
concentrations were evaluated against the two covariates in-
cluded in the model: CYP3A5 metabolizer phenotype and TBW. 

F I G U R E  3   Modeling methods comparisons. Model-predicted tacrolimus steady-state trough concentration post-dose adjustments were 
compared across the observed data, the M1 modeling method, and M2 modeling method. Vertical bars depict the number of patients who were 
subtherapeutic (< 5 ng/ml), at target range (5–10 ng/ml), and supratherapeutic (> 10 ng/ml), respectively.

F I G U R E  4   Dose adjustment method comparisons. Model-predicted tacrolimus steady-state trough concentration post-dose adjustments were 
compared across the observed data, D1 dose adjustment method, and D2 dose adjustment method. Vertical bars depict the number of patients who 
were subtherapeutic (< 5 ng/ml), at target range (5–10 ng/ml), and supratherapeutic (> 10 ng/ml), respectively.
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Both D1 and D2 adjustment strategies benefited CYP3A5 PMs 
to a greater extent than EMs and IMs based on the increased 
percentage of PM patients whose trough concentrations were at 
goal post-D1 and D2 (3.4% and 13.2% respectively; Figure S2). 
Both D1 and D2 slightly benefited patients with TBW of less 
than 90 kg (2.0% and 3.2% more patients at target concentra-
tions, respectively; Figure S3). Although neither D1 nor D2 re-
lied on weight-based dosing, both were less effective in patients 
with higher TBW, particularly with TBW greater than 90 kg.

Stepwise covariate analyses

Estimations of covariate effects are included in Table  2. 
After using the stepwise analysis approach, covariates that 
remained included CYP3A5 metabolizer phenotype, TBW, 
diagnosis that led to HCT, HLA matching, and MAC versus 
RIC conditioning regimen. Based on the effect summary of 
each covariate, the most impactful were the CYP3A5 me-
tabolizer phenotype, MAC versus RIC conditioning regimen 
and HLA matching (Table S2). Based on the leverage plots, 
the effects of TBW and diagnosis were minimal (Figure S4). 
Least square mean values for the most significant covariate 
(CYP3A5 metabolizer phenotype) showed that, after adjust-
ing for other covariates in the model, only CYP3A5 PM pa-
tients were at the target range, whereas both EM (1.55 ng/ml) 
and IM (2.77 ng/ml) remained subtherapeutic (Table S3). For 
other covariates, predicted tacrolimus trough concentrations, 
based on each level of covariates, can be found in Table S3. 
For the final model, a plot of the predicted versus residual 
concentrations illustrated a lack of any bias (Figure S5).

DISCUSSION

This is the first study that has used population PK modeling 
to help inform model-based predictions and precision dosing 

strategies in adult patients receiving allogeneic HCT. The 
study explored how to apply a published tacrolimus popula-
tion PK model from kidney transplant to an allogeneic HCT 
patient cohort.22 Specifically, the study examined two meth-
ods (M1 and M2) to optimize model-based prediction perfor-
mance, as well as two dosing adjustment strategies (D1 and 
D2). Last, the study also identified potential covariates that 
are likely to be clinically relevant to adult patients receiving 
HCT and to future tacrolimus precision dosing efforts.

Incorporating a single steady-state trough concentration 
value into the M2 model showed better model-predictions of 
the observed first steady-state tacrolimus trough concentra-
tions than M1. Overall, M1 was more beneficial for patients 
with initial subtherapeutic steady-state trough concentra-
tions, whereas M2 was more beneficial for patients with 
initial supratherapeutic steady-state trough concentrations. 
Although M2 demonstrated a larger magnitude of overall 
improvement, M1 can be potentially more beneficial to help 
patients reach target range from the subtherapeutic state, 
which is more concerning for aGVHD incidence. In addition 
to generating model-predicted tacrolimus steady-state trough 
concentrations, two different dosing simulation strategies 
were investigated. Dosing simulations concluded that the D2 
strategy, which adjusted dosing based on the observed trough 
concentrations rather than the D1 strategy that used mod-
el-predicted concentrations, resulted in a greater proportion 
of patients achieving target range tacrolimus trough concen-
trations (5–10 ng/ml).

The study also evaluated the two significant covariates 
identified in the Campagne et al. model (CYP3A5 metabo-
lizer phenotype and TBW) against the post-dose adjustment 
tacrolimus steady-state trough concentrations, and concluded 
that applying the previously published population PK model 
provided more benefit to CYP3A5 PM patients than IM or 
EM patients, and in patients who weighed less than 90 kg. 
A stepwise covariate multiple linear regression was used be-
cause it can incorporate each covariate while adjusting for 

Term
Degree of 
freedom

Sum of 
squares F ratio p value

CYP3A5 metabolizer 
phenotype

2 33.58 62.41 < 0.0001

TBW 1 1.68 6.24 0.01

Diagnosis that led to HCT 4 2.94 2.73 0.03

HLA status 2 2.64 4.90 0.01

Conditioning regimen 1 10.17 37.80 <0.0001

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; CYP3A5, cytochrome P450 isoform 
5; HLA, human leukocyte antigen; TBW, total body weight.
Analysis of variance and a stepwise approach were used to evaluate covariates. Covariates that were tested, but 
not significant (p > 0.05) and therefore not included in the final model, included baseline liver function tests 
(ALT, AST, and total bilirubin), baseline serum creatine, hemoglobin levels, source of transplanted cells, and 
Karnofsky performance status score.

T A B L E  2   Covariate evaluation
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other covariates. The results of the stepwise covariate analy-
ses showed that, in addition to CYP3A5 metabolizer pheno-
type and TBW, HLA match and conditioning regimen were 
statistically significant and we believe to be potentially clin-
ically relevant, and therefore should be considered in future 
studies to further refine tacrolimus dosing.

Because the dose adjustment methods utilized in this 
research were based on the assumption of linear PK for 
tacrolimus, it can be hypothesized that a TBW of 90  kg 
may represent the threshold for nonlinear tacrolimus PK. 
Studies have shown that in patients with obesity, Phase 1 
cytochrome P450 and Phase 2 metabolic processes are in-
creased, thereby increasing tacrolimus bioinactivation and 
clearance.32,33 The fact that the ratio between lean body 
weight and adipose tissue decreases in patients with obe-
sity also partially supports this hypothesis.34 In these pa-
tients, lipophilic drugs like tacrolimus (logP = 5.59), with 
a reported volume of distribution greater than 40 L, could 
readily distribute into the adipose tissue and increase half-
life.35–37 Thus, in patients heavier than 90  kg, additional 
modified dose adjustments might be required to correct for 
this nonlinear PK.

In addition to CYP3A5 metabolizer phenotype and TBW, 
MAC versus RIC conditioning regimen and HLA match were 
significantly associated with the observed tacrolimus steady-
state trough concentrations. MAC regimens have previously 
been independently associated with supratherapeutic tacro-
limus trough concentrations,9 which could be caused by the 
damage exerted to the gut mucosal barrier and potential hep-
atotoxicity that could affect tacrolimus PK.38 Interestingly, 
HLA match was also significantly associated with tacrolimus 
concentrations. Specifically, full HLA matches between the 
recipient and donor (e.g., 8/8 or 10/10) was associated with 
lower tacrolimus concentrations than mismatch of 1–2 HLAs. 
Although perfect HLA matching has previously been associ-
ated with lower aGVHD risk,39,40 and suboptimal tacrolimus 
concentrations can lead to the increased aGVHD risk,10,30,41 a 
direct mechanistic relationship between HLA typing and tac-
rolimus PK remains unknown.

Previously published data suggest that using an exist-
ing published population PK model could help predict PK 
parameter estimates in their specific population of inter-
est.20,42,43 For instance, Tasa et al. concluded that the inclu-
sion of a single PK sample per patient improved the overall 
model predictions of the observed data.43 Their observation 
was consistent with our observations that M2 better predicted 
observed concentrations than M1. Together with Tasa et al., 
this study has demonstrated that including one initial steady-
state trough concentration has potential for future research 
and clinical utility because the methodologies proposed by 
this study can be easily applied by clinicians after the first tac-
rolimus steady-state trough is obtained and a dose adjustment 
calculation is performed. Future research should expand on 

these results and evaluate the effects that subsequent trough 
concentration collection has on model predictability.

In addition to the three CYP3A5 SNPs, three ABCB1 
SNPs and two CYP3A4 SNPs were also genotyped. 
However, no significant associations were identified among 
these SNPs and tacrolimus steady-state trough concentra-
tions in a previously published study,9 and were also not 
determined to be significant covariates in the present study. 
Similarly, the Campagne et al. study did not detect signifi-
cant associations between the ABCB1 and CYP3A4 SNPs, 
and were not included in their final model either.22 Aside 
from these SNPs, previous publications have suggested that 
germline variants in other genes (e.g., POR, PPARA, and 
CYB5R2) could potentially impact tacrolimus PK/PD.44–46 
Thus, future studies should evaluate variants in these genes 
individually, as well as in polygenic models, during covari-
ate analyses.

There were notable limitations associated with the study. 
First, only a single tacrolimus PK sample was collected from 
each patient. The overall model predictions could improve if 
additional tacrolimus samples were collected. Nevertheless, 
this study evaluated the difference between two model-pre-
diction methods: no real-world patient drug concentration 
data (M1) versus one actual PK sample collected per patient 
(M2), and concluded that an additional PK sample was ben-
eficial to model predictability. Another limitation was that 
a tacrolimus population PK model developed originally for 
kidney transplant was applied to adult patients receiving al-
logeneic HCT. Baseline SCr was significantly higher in the 
Campagne et al. study, which was expected of the patients 
who underwent kidney transplantation (Table 1). However, 
this baseline demographic difference should not affect the 
model performance because renal elimination of tacrolimus 
only counts for less than 1% of total clearance and SCr was 
not included as a model covariate.37,47

In conclusion, this study identified an efficient and feasi-
ble method to derive model-predicted steady-state tacrolimus 
concentrations. This study only used one trough sample per 
patient and did not attempt to refit the model due to sparse 
data. Ultimately, these data should be prospectively validated 
in future studies to examine the inclusion of more than one 
trough concentration. A new study to fully characterize the 
tacrolimus PK profile in adult patients receiving allogenic 
HCT is currently underway, where we prospectively enroll 
patients receiving allogeneic HCT, conduct intense PK sam-
pling, and evaluate both PD end points of tacrolimus response 
(e.g., IL2 expression and NFAT nuclear localization) and ge-
netic variants beyond ABCB1 and CYP3A4/5 (ClinicalTrials.
gov Identifier: NCT04645667). The population PK model 
generated here will then be the starting point to perform mod-
el-based dose adjustment for each patient. With additional 
intensely sampled tacrolimus concentrations, model predic-
tions will be more accurate so that ideally a starting oral dose 
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of tacrolimus will yield more trough concentrations within 
the target range by the date of allogeneic HCT.
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