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A B S T R A C T
Pharmacogenetics influences oral tacrolimus exposure; however, little data exist regarding i.v. tacrolimus. We
investigated the impact of genetic polymorphisms in CYP3A4, CYP3A5, and ABCB1 on i.v. tacrolimus exposure and
toxicity in adult patients receiving an allogeneic hematopoietic stem cell transplant for hematologic malignancies.
Germline DNA was extracted from buccal swabs and genotyped for CYP3A4, CYP3A5, and ABCB1 polymorphisms.
Continuous i.v. infusion of tacrolimus .03 mg/kg/day was initiated on day +5 post-transplant, and steady-state
blood concentrations were measured 4 days later. We evaluated the association between phenotypes and preva-
lence of nontherapeutic target concentrations (below or above 5 to 15 ng/mL) as well as tacrolimus-related toxic-
ities. Of 63 patients, 28.6% achieved the target concentration; 71.4% were >15 ng/mL, which was more common
in CYP3A4 intermediate/normal metabolizers (compared with rapid) and those with at least 1 ABCB1 C2677T
loss-of-function allele (P < .05). ABCB1 C2677T was significantly associated with concentrations >15 ng/mL (odds
ratio, 6.2; 95% confidence interval, 1.8 to 23.6; P = .004) and tacrolimus-related toxicities (odds ratio, 7.5; 95% con-
fidence interval, 1.6 to 55.2; P = .02). ABCB1 C2677T and CYP3A4 are important determinants of i.v. tacrolimus
exposure, whereas ABCB1 C2677T also impacts tacrolimus-related toxicities in stem cell transplants.
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INTRODUCTION
Tacrolimus is a calcineurin inhibitor that constitutes the

backbone of standard immunosuppression therapy for the pre-
vention of graft-versus-host disease (GVHD) in patients receiv-
ing allogeneic hematopoietic stem cell transplants (SCT) [1,2].
Nonetheless, treatment with tacrolimus poses great challenges
to clinicians because of its wide interpatient pharmacokinetic
variability observed with the recommended initial i.v. dose of
.03 mg/kg/day [3,4]. Current evidence suggests that tacrolimus
blood concentrations less than 5 ng/mL portend a high risk for
GVHD, whereas blood concentrations above 15 ng/mL are
associated with tacrolimus-related toxicities such as nephro-
toxicity and neurotoxicity [4-7]. Given the balance between
drug efficacy and toxicity, therapeutic drug monitoring is rou-
tinely performed in clinical practice, particularly during the
early period after SCT to maintain steady-state concentrations
within the recommended therapeutic window of 5 to
15 ng/mL [8].

There has been great interest in identifying the genetic
underpinnings of the considerable variability in tacrolimus
exposure to provide a personalized rather than empiric dosing
approach, with the goal to optimize drug exposure and clinical
response. Findings from previous pharmacogenetic studies
revealed that single nucleotide polymorphisms (SNPs) in the
pharmacokinetic gene, CYP3A5 (primarily the *3 allele, which is
the most prevalent variant allele across most racial groups,
especially whites), was the single most important determinant
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of the observed tacrolimus variability after oral administration
[9�12]. Because the CYP3A5*3 variant allele is associated with
reduced expression of the enzyme responsible for metabolizing
tacrolimus, patients homozygous for this polymorphism (ie,
harbor 2 copies of CYP3A5*3, referred to as CYP3A5 nonexpress-
ers) require lower oral doses of the drug to achieve therapeutic
concentrations compared with those carrying 1 copy of
CYP3A5*3 or homozygous for the wild-type allele (CYP3A5*1/*1)
[13].

These findings prompted the Clinical Pharmacogenetics
Implementation Consortium to develop guidelines to help
guide selection of the optimal tacrolimus dose based on
CYP3A5 genotype [13]. Notably, these dosing recommenda-
tions emanated mainly from studies conducted in the solid
organ transplant setting where the patient population, target
therapeutic steady-state concentration, and route of adminis-
tration (p.o. versus i.v.) are different, thereby limiting the gen-
eralizability and widespread adoption of these guidelines in
the SCT setting where i.v. tacrolimus is often used.

In addition to CYP3A5 polymorphisms, CYP3A4 (also pro-
posed to metabolize tacrolimus) and ABCB1 (involved in drug
transport/efflux out of cells) polymorphisms may also regulate
tacrolimus disposition [14]. It has been demonstrated that
CYP3A4*1B and CYP3A4*22 confer enhanced and reduced enzy-
matic activity, respectively, compared with the wild-type allele
[15,16], which may result in sub- or supratherapeutic tacroli-
mus concentrations. ABCB1 SNPs C1263T, C2677T, and C3435T
result in reduced transporter function [17] and may also result
in supratherapeutic tacrolimus concentrations compared with
the wild-type allele. However, prior studies have yielded
inconclusive results [18-22], and thus guidelines have not
addressed genotyping for these 2 genes.

Compared with studies performed in solid organ transplant
and with orally administered tacrolimus, which has a poor bio-
availability (approximately 25%) [23], there is a paucity of data
about the genetic determinants contributing to the interindi-
vidual variability in i.v. tacrolimus exposure among SCT recipi-
ents [24,25]. Given the unmet need to optimize tacrolimus
dosing in SCT patients, the main objective of this study was to
discern the influence of polymorphisms in CYP3A4, CYP3A5,
and ABCB1 on i.v. tacrolimus exposure and adverse events in
patients undergoing SCT for hematologic malignancies.

METHODS
Study Design, Patient Selection, and Treatment

This is a retrospective non-interventional study investigating the associa-
tion between tacrolimus exposure and adverse events with polymorphisms
in CYP3A4, CYP3A5, and ABCB1. Adult patients (�18 years of age) with hema-
tologic malignancies who underwent an allogeneic SCT (between April 2016
and October 2017) at the Levine Cancer Institute and received immunosup-
pression with i.v. tacrolimus for approximately 14 days before switching to
oral formulation (exact duration of i.v. formulation depended on patient
recovery) were included in this study. An Institutional Review Board-
�approved protocol allowed specimen collection (buccal swabs) on the day
of SCT admission from patients who provided informed consent. All speci-
mens were stored in a biorepository until requested for analysis.

Per standards of care for prevention of GVHD post-transplant at our insti-
tute, cyclophosphamide 50 mg/kg i.v. over 90 minutes (based on ideal body
weight) was administered on days +3 and +4 each, whereas tacrolimus con-
tinuous i.v. infusion was initiated at the recommended dose of .03 mg/kg/day
(based on ideal body weight, or actual body weight if lesser than the ideal
body weight) on day +5 [26]. Because tacrolimus was administered as a con-
tinuous i.v. infusion and has a half-life of approximately 12 to 18 hours,
steady-state blood concentrations were measured 4 days after initiation (at
any time during continuous infusion given that steady-state was reached).
Dose adjustments were made per provider discretion to target the recom-
mended therapeutic range of 5 to 15 ng/mL. Thereafter, therapeutic drug
monitoring was performed every 2 days.

Clinical data collected for the study while patients were treated with i.v.
tacrolimus included patient demographics, initial steady-state tacrolimus
concentrations, tacrolimus-related adverse events up to day +19 (2 weeks of
dosing) or until discharge if sooner, and interacting concomitant medications.
Of note, all patients received antifungal prophylaxis with i.v. micafungin start-
ing on day +1 post-SCT, which was later switched to an azole antifungal
(mainly voriconazole) when the oral route became feasible for drug adminis-
tration.

Genotyping and Phenotype Assignment
Buccal swabs were collected from eligible patients on the day of admis-

sion after obtaining informed consent. Genomic DNA was extracted using the
GenElute Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich, St. Louis,
MO), and DNA was stored at �80°C until requested for analysis. After identi-
fying eligible patients for analysis, all samples were batch genotyped using
the following procedure. A custom Ion AmpliSeq Pharmacogenetics Panel
(Thermo Fisher Scientific, Waltham, MA) was used to genotype for CYP3A4*1B
(rs2740574) and *22 (rs35599367); CYP3A5*3 (rs776746), *6 (rs14690), and
*7 (rs76293380); and ABCB1 C1236T (rs1128503), C2677T (rs2032582), and
C3435T (rs1045642). Sequencing libraries were prepared using an Ion Ampli-
seq Library Kit (Thermo Fisher Scientific) per manufacturer's instructions.
Briefly, amplicons are ligated to ion�compatible adapters, followed by nick
repair to complete the linkage between adapters and DNA inserts. The librar-
ies are clonally amplified by emulsion PCR on ion sphere particles using the
Ion OneTouch 200 Template Kit (Thermo Fisher Scientific) as directed. After
amplification the template-positive ion sphere particles were enriched to
maximize the number of sequencing reads produced using the Ion PGM
Sequencing 200 Kit (Thermo Fisher Scientific) on an Ion PGM Sequencer
(Thermo Fisher Scientific) and Ion 318 Chips (Thermo Fisher Scientific). Raw
data were transferred to the Ion PGM Torrent Server for base calling, prepro-
cessing 3’ trimming, quality control and assessment, and mapping. The Ion
Pharmacogenomics Analysis Plugin was used to export data into AlleleTyper
(Thermo Fisher Scientific) for mapping to star allele nomenclature together
with translation tables developed from established guidelines.

CYP3A5 phenotypes were derived based on the guidelines set forth by
Clinical Pharmacogenetics Implementation Consortium [13]. Accordingly,
patients harboring 1 or 2 copies of the normal function (NF) wild-type allele
(CYP3A5*1) were classified as CYP3A5 intermediate metabolizers (IMs) or nor-
mal metabolizers (NMs), respectively, whereas patients carrying 2 copies of
any of the loss of function (LF) variant alleles (CYP3A5*3, CYP3A5*6, CYP3A5*7)
were classified as CYP3A5 poor metabolizers (PMs). The CYP3A4 NM pheno-
type was assigned to patients with the *1/*1 genotype, and those with 1 or 2
copies of the decreased function CYP3A4*22 allele were assigned the CYP3A4
IM or PM phenotypes, respectively [15,16]. Patients carrying at least a single
copy of the enhanced function CYP3A4*1B variant allele were classified as
CYP3A4 rapid metabolizers (RMs) [15,16]. For inferring ABCB1 phenotypes the
presence of 1 or 2 copies of the LF T variant allele for ABCB1 C1263T, C2677T, or
C3435T conferred ABCB1 intermediate function (IF) and LF phenotypes, respec-
tively [17]. The presence of 2 copies of the wild-type C allele (for each of the
ABCB1 SNPs tested herein) defined the ABCB1 NF phenotype [17].

Measurement of Steady-State Tacrolimus Blood Concentration
Whole blood samples were stored at 2 to 8°C until assayed (within 7 days

of collection) at the Carolinas Laboratory Network (a College of American
Pathologists certified laboratory). The ARCHITECT tacrolimus assay (per-
formed according to manufacturer's instructions; Abbott Laboratories,
Chicago, IL) was used to measure or quantify steady-state tacrolimus concen-
tration in whole blood. As described elsewhere, this assay is a delayed 1-step
immunoassay based on Chemiluminescent Microparticle Immunoassay
methodology [27]. The assay has a measurement range of 2 to 30 ng/mL and
is designed to have a precision of �10% total coefficient of variation.

Statistical Analysis and Endpoints
The primary endpoint of this study was to evaluate the association

between the prevalence of nontherapeutic tacrolimus blood concentrations
at steady state and CYP3A4, CYP3A5, and ABCB1 phenotypes (individually
and combined). Secondary endpoints included a comparison of median
steady-state tacrolimus blood concentrations and the rates of tacrolimus-
related toxicities by CYP3A4, CYP3A5, and ABCB1 phenotypes. Fisher's exact
test was used to assess the association between prevalence of nontherapeutic
tacrolimus concentrations and phenotypes. Univariate logistic regression
analysis was performed to calculate the odds ratio (OR) and to identify poten-
tial risk factors associated with nontherapeutic tacrolimus concentration and
tacrolimus-related adverse events.

All risk factors with P< .10 on univariate analysis were included in a multi-
variate logistic regression model and then followed by backward elimination
(variable removed if P > .10). Steady-state tacrolimus concentrations stratified
by phenotypes were compared using Student's t-test or one-way analysis of
variance (followed by post-hoc Tukey's test for multiple comparison). Fisher's
exact test with 1 degree of freedom was used to test for deviation from Hardy-
Weinberg equilibrium between the observed and expected genotype frequen-
cies for each of the genetic polymorphisms in CYP3A4, CYP3A5, and ABCB1
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tested in this study. All analyses were performed in R statistical software (ver-
sion 3.3.1; R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
A total of 63 assessable patients were included in the final

analysis. Baseline demographics are presented in Table 1.
Median age at the time of SCT was 61 years (range, 25 to 78);
65% were men and 73% were white. The most commonly
observed variants for CYP3A4 and CYP3A5 were CYP3A4*1B and
CYP3A5*3 with allele frequencies of 27% and 79.4%, respec-
tively. The frequencies of the LF T allele for each of the ABCB1
polymorphisms C1236T, C2677T, and C3435T were 42.1%,
39.7%, and 44.4%, respectively. The frequencies of the inferred
phenotypes are outlined in Table 1. There was no deviation in
the Hardy-Weinberg equilibrium in the observed genotype fre-
quencies for CYP3A4, CYP3A5, and ABCB1.

Prevalence of Nontherapeutic Tacrolimus Concentrations by
Phenotype

There was significant interindividual variability in tacroli-
mus exposure at the initial steady-state blood concentration
Table 1
Baseline Patient Characteristics (N = 63)

Characteristic Value

Median age, yr (range) 61 (25-78)
Gender, male, % 65
Race

Caucasian 46 (73)
African American 14 (22)
Others 3 (5)

Hematologic malignancies
ALL 8 (13)
AML 27 (43)
CML 5 (8)
Lymphomas 10 (16)
MDS 10 (16)
Others 3 (4)

Conditioning regimen
Flu/Cy/TBI 61 (97)
Bu/Cy 2 (3)

Transplant
Haploidentical 46 (73)
Matched related 17 (27)

Median ideal body weight, kg (range) 68 (43-88)
Median tacrolimus dose, mg/day (range) 2.0 (1.3-2.6)
Median steady-state tacrolimus concentration,
ng/mL (range)

16.9 (8.7-29.8)

CYP3A4 phenotypes
IM (*1/*22) 4 (6)
NM (*1/*1) 45 (72)
RM (*1/*1B, *1/*1B) 14 (22)

CYP3A5 phenotypes
PM (*3/*3, *3/*6, *3/*7, *6/*7) 48 (76)
IM (*1/*3, *1/*6, *1/*7) 12 (19)
NM (*1/*1) 3 (5)

ABCB1 C1236T phenotypes
LF (T/T) 11 (18)
IF (C/T) 31 (49)
NF (C/C) 21 (33)

ABCB1 C2677T phenotypes
LF (T/T) 13 (21)
IF (C/T) 24 (38)
NF (C/C) 26 (41)

ABCB1 C3435T phenotypes
LF (T/T) 14 (22)
IF (C/T) 28 (45)
NF (C/C) 21 (33)

Values are n (%) unless otherwise defined. ALL indicates acute lymphoblastic
leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia;
MDS, myelodysplastic syndrome; Flu, fludarabine; Cy, cyclophosphamide; TBI,
total body irradiation; Bu, busulfan.
(median, 16.9 ng/mL; interquartile range [IQR], 13.7 to 18.7).
Forty-five patients (71.4%) had nontherapeutic concentrations,
of which all were supratherapeutic (>15 ng/mL) and none was
subtherapeutic (<5 ng/mL). Patients with the CYP3A4 IM and
NM phenotypes had a significantly higher prevalence of supra-
therapeutic tacrolimus concentrations compared with patients
with the RM phenotype (79.6% versus 42.9%, P = .016)
(Figure 1A). Presence of at least 1 copy of the T allele for ABCB1
C2677T (IF or LF phenotype) also resulted in a statistically sig-
nificant difference in the prevalence of supratherapeutic tacro-
limus blood concentrations compared with patients with the
NF phenotype (86.5% versus 50%, P = .004) (Figure 1B). Addi-
tionally, significant differences in prevalence of suprathera-
peutic tacrolimus concentrations were noted after combining
the phenotypes for the 2 genes (CYP3A4 IM/NM and ABCB1
C2677T IF/LF: 85.7%; CYP3A4 IM/NM and ABCB1 C2677T NF:
64.3%; CYP3A4 RM and ABCB1 C2677T NF: 33.3%; P = .002)
(Figure 1C). Only 2 patients harbored the combined CYP3A4
RM and ABCB1 C2677T IF/LF phenotype, both of which had
supratherapeutic levels.

Alternatively, the prevalence of supratherapeutic tacroli-
mus concentrations was 77.1% in patients with the CYP3A5 PM
phenotype and 53.3% in those with the CYP3A5 NM/IM pheno-
type (P = .10). There was no significant difference in the preva-
lence of supratherapeutic tacrolimus blood concentrations
between patients who carried at least 1 copy of the T allele for
either ABCB1 C3435T or ABCB1 C1236T (IF/LF phenotype)
(76.2% for both) and those with the NF phenotype (61.9% for
both) (P = .25).

In univariate logistic regression analysis, white race (OR,
5.5; 95% CI, 1.5 to 20.9; P = .009), CYP3A4 IM/NM phenotype
(OR, 5.2; 95% CI, 1.5 to 19.4; P = .01), and ABCB1 C2677T IF/LF
phenotype (OR, 6.4; 95% CI, 2.0 to 23.5; P = .003) were signifi-
cantly associated with a higher prevalence of supratherapeutic
tacrolimus concentrations at steady state (Table 2). Multivari-
ate logistic regression with backward selection identified that
only ABCB1 C2677T IF/LF phenotype (OR, 6.2; 95% CI, 1.9 to
23.6, P = .004) was independently associated with suprathera-
peutic tacrolimus steady-state concentrations (Table 2).

Median Tacrolimus Concentrations by Phenotype
Patients with CYP3A4 IM/NM phenotype had a median

tacrolimus concentration of 17.1 ng/mL (IQR, 15.0 to 18.8)
compared with 13.9 ng/mL (IQR, 11.2 to 17.6) in those with the
CY3A4 RM phenotype (P = .048) (Figure 2A). The median tacro-
limus concentration was 17.3 ng/mL (IQR, 15.6 to 19.0) for
patients with the ABCB1 C2677T IF/LF phenotype compared
with 14.9 ng/mL (IQR, 11.6 to 17.4; P = .009) in those with the
ABCB1 C2677T NF phenotype (Figure 2B). Similarly, there was
a significant difference in median tacrolimus steady-state con-
centration after combining the phenotypes for CYP3A4 and
ABCB1 C2677T (CYP3A4 IM/NM and ABCB1 C2677T IF/LF: 17.3
ng/mL [IQR, 15.5 to 18.9]; CYP3A4 IM/NM and ABCB1 C2677T
NF: 15.2 ng/mL [IQR, 12.7 to 17.5]; CYP3A4 RM and ABCB1
C2677T NF: 12.4 ng/mL [IQR, 10.9 to 16.4]; overall P = .02)
(Figure 2C). Based on post-hoc analysis, the difference was sta-
tistically significant after comparing the CYP3A4 IM/NM and
ABCB1 C2677T IF/LF combined phenotype with those with
the CYP3A4 RM and ABCB1 C2677T NF combined phenotype
(P = .017) (Figure 2C).

There were no significant differences in median tacrolimus
steady-state concentrations between CYP3A5 PMs (median,
17.1 ng/mL; IQR: 14.9 to 18.7) versus CYP3A5 IM/NMs
(median, 14.8 ng/mL; IQR, 11.5 to 17.9; P = .34), ABCB1 C3435T
IF/LF (median, 17.0 ng/mL; IQR, 14.5 to 19.0) versus ABCB1



Figure 1. Prevalence of supratherapeutic tacrolimus blood concentration at steady state by CYP3A4 and ABCB1 C2677T phenotypes. (A) Comparison between CYP3A4
IMs + NMs and CYP3A4 RMs. (B) Comparison between ABCB1 C2677T IF + LF phenotype and ABCB1 C2677T NF phenotype. (C) Comparison between combined pheno-
types for CYP3A4 and ABCB1 C2677T. *The combined RM + IF/LF phenotype (n = 2) was excluded from analysis because of small sample size.
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Table 2
Logistic Regression Analysis for Odds of Supratherapeutic Tacrolimus Steady-
State Concentrations

Variable OR (95% CI) P

Univariate logistic regression analysis
Sex (male vs. female) 2.5 (.8-7.7) .12
Race (African American as reference)
White 5.5 (1.5-20.9) .009
Other 2.7 (.2-65.8) .46

Age 1.0 (1.0-1.1) .05
Ideal body weight 1.0 (1.0-1.1) .14
CYP3A4 IM/NM vs. RM 5.2 (1.5-19.4) .01
CYP3A5 PM vs. IM/NM 2.9 (.9-10.1) .08
ABCB1.1236 LF/IF vs. NF 2.0 (.6-6.2) .24
ABCB1. 2677 LF/IF vs. NF 6.4 (2.0-23.5) .003
ABCB1. 3435 LF/IF vs. NF 2.0 (.6-6.2) .24

Multivariate logistic regression analysis*
Age 1.0 (1.0-1.1) .09
ABCB1. 2677 LF/IF vs. NF 6.2 (1.9-23.6) .004

* Multivariate model uses backward selection with entry level of .1 and var-
iable remains if it meets the .1 level.
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C3435T NF (16.0 ng/mL; IQR, 12.1 to 17.6; P = .09), or ABCB1
C1236T IF/LF (median, 17.0 ng/mL; IQR, 14.5 to 18.8) versus
ABCB1 C1236T NF (median, 15.2 ng/mL; IQR, 11.8 to 17.6;
P = .36).

Tacrolimus-Related Adverse Events by Phenotype
Adverse events of any grade deemed possibly, probably, or

definitely attributed to tacrolimus by the treating physician
included hypertension (n = 16, 25.4%), severe headache (n = 10,
15.8%), acute kidney injury (n = 7, 11.1%), tremors (n = 6, 9.5%),
tachycardia (n = 4, 6.3%), and hyperglycemia (n = 3, 4.7%). A
combined total of 46 events across 32 unique patients were
identified. In univariate logistic regression analysis the ABCB1
C2677T LF phenotype (homozygous for the T variant allele)
was associated with higher odds of tacrolimus-related adverse
events (84.6%) compared with NF (42.3%) phenotypes (OR, 7.5;
95% CI, 1.6 to 55.2; P = .02) (Table 3). The frequency of adverse
events was similar between patients with the IF (42.0%) and
NF phenotypes. Tacrolimus-related adverse events did not dif-
fer by CYP3A4, CYP3A5, ABCB1 C1236T, or ABCB1 C3435T phe-
notypes.

DISCUSSION
Significant interindividual variability in tacrolimus exposure

was noted with the i.v. weight-based dose of .03 mg/kg/day
used in the postallogeneic SCT setting. No patients had subther-
apeutic concentrations at the time of the first steady-state blood
draw. However, nearly three-fourths of all patients had steady-
state concentrations above the recommended therapeutic win-
dow, which could predispose patients to developing tacroli-
mus-related toxicities as demonstrated in prior studies [4-7].
Based on this finding it may seem prudent to initiate i.v. tacroli-
mus at a reduced dose of .02 mg/kg/day instead of .03 mg/kg/
day when genotype information is not available. Nonetheless,
preemptive genotyping may be useful to help guide initial dose
selection given that a subset of patients had therapeutic tacroli-
mus concentrations with the .03-mg/kg/day dose.

CYP3A4 and ABCB1 C2677T gene polymorphisms were
found to be predictors of supratherapeutic concentrations in
univariate analysis; however, only ABCB1 C2677T was retained
in the final multivariable model, with a 6-fold increase in the
risk of supratherapeutic concentration in patients with at least
1 T allele and a 7-fold increase in risk of toxicity in patients
with the TT genotype (LF phenotype). Contrary to previous
studies performed in the solid organ transplant [9-12,28,29]
and SCT settings [24,25], there was no significant association
between CYP3A5 polymorphisms and i.v. tacrolimus exposure
in our SCT cohort. It is worth noting that no patient received
concomitant drugs that could potentially interact with i.v.
tacrolimus during the early therapeutic drug monitoring
period (such as azole antifungals or corticosteroids).

The data associating ABCB1 polymorphisms with tacrolimus
exposure are controversial. In the study by Anglicheau et al.
[30], patients harboring at least 1 copy of the LF T allele for
ABCB1 C2677T required significantly lower oral tacrolimus
doses to achieve therapeutic tacrolimus blood concentrations
after renal transplant. Furthermore, the normalized tacrolimus
blood concentration (corrected by oral dose) was significantly
higher among these patients. It is reasonable to assume that
ABCB1 has a role in modulating oral tacrolimus exposure; how-
ever, there are little data to suggest it impacts i.v. tacrolimus
exposure, outside of these study findings. Nonetheless, ABCB1
is expressed not only in the intestines but also in the liver and
kidneys. Tacrolimus undergoes extensive metabolism in the
liver. This process is complex and involves an intricate inter-
play between the hepatic cytochromes (CYP3A4 and CYP3A5)
and multidrug resistance protein (MDR1), the protein product
of ABCB1 gene [14]. As an efflux transporter, MDR1 pumps
tacrolimus out of the hepatocytes into the biliary tract to not
overwhelm the capacity of the hepatic cytochromes to metab-
olize and deactivate tacrolimus. Hence, in patients with LF var-
iants such as the T allele for ABCB1 C2677T, this process is
disrupted, which presumably results in elevated tacrolimus
concentrations in the blood, as observed in this study. There-
fore, to optimize drug exposure and response, these patients
should likely be treated with initial i.v. tacrolimus doses lower
than .03 mg/kg/day. Although other studies interrogated
ABCB1 haplotypes (comprising the 3 ABCB1 C1236T, C2677T,
and C3435T SNPs) in relationship with tacrolimus disposition
[31], we opted to analyze the effect of each SNP in ABCB1 sepa-
rately because they were not in linkage disequilibrium in our
patient population.

An association between tacrolimus-related adverse events
and the presence of genetic polymorphisms in ABCB1 C2677T
was also noted in our cohort, where patients homozygous for the
LF T allele experienced a higher incidence of adverse events. The
higher prevalence of supratherapeutic tacrolimus blood concen-
trations translated into a significantly higher rate of adverse
events throughout the study period. Because tacrolimus-related
adverse events were identified retrospectively by chart review, it
is imperative that these findings be validated prospectively with
strict criteria to define related adverse events.

The current evidence for CYP3A4 polymorphisms and tacro-
limus exposure is not sufficiently robust or well established to
support its clinical utility. However, a meta-analysis by Shi et
al. [16], which included a total of 7 studies of mostly white
patients (N = 1182), demonstrated that carriers of CYP3A4*1B
allele (RMs) exhibited lower levels of tacrolimus and required
significantly higher doses compared with noncarriers (ie,
CYP3A4*1/*1) at various time points after renal transplant.
Importantly, the effect of CYP3A4 polymorphisms was inde-
pendent of CYP3A5, which was also shown in another study by
Tavira et al. [32]. Although our univariate results corroborate
this hypothesis, this was not the case after accounting for other
polymorphisms such as ABCB1 C2677T in the multivariable
analysis. There was a very high correlation between CYP3A4
and ABCB1 C2677T phenotypes (P < .01 by Fisher's exact test),
and the contribution of CYP3A4 polymorphisms may be depen-
dent on ABCB1 C2677T. Of note, the subset of patients with the
CYP3A4 RM/ABCB1 C2677T NF combined phenotype had the



Figure 2. Box plot of steady-state tacrolimus blood concentrations by CYP3A4 and ABCB1 C2677T phenotypes. (A) Comparison between CYP3A4 IMs + NMs and
CYP3A4 RMs. The bottom and top of the box represent the 25th and 75th percentiles and the middle band represents the 50th percentile (median). The lower and
the upper whiskers represent the 10th and 90th percentiles. (B) Comparison between ABCB1 C2677T IF + LF phenotype and ABCB1 C2677T NF phenotype. (C) Com-
parison between combined phenotypes for CYP3A4 and ABCB1 C2677T. *Overall P value. The difference in median steady-state tacrolimus concentration was signifi-
cantly different between the IM/NM + IF/LF and RM +NF combined phenotypes only (P = .017). The combined RM + IF/LF phenotype (n = 2) was excluded from
analysis because of small sample size.
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Table 3
Logistic Regression Analysis for Tacrolimus-Related Adverse Events

Variable P OR 95% CI

Sex (male vs. female) .93 1.0 .4-3.0
Race (African American as reference)

White .23 2.1 .6-7.9
Other .34 3.6 .3-89.8

Age .90 1.0 1.0-1.0
Ideal body weight .04 1.1 1.0-1.2
CYP3A4 NM (RM as reference) .16 2.5 .7-9.1
CYP3A4IM (RM as reference) .70 .6 .1-6.29
CYP3A5 IM (NM as reference) .45 2.8 .2-70.8
CYP3A5 PM (NM as reference) .58 2.0 .2-44.7
ABCB1 C1236T IF (NF as reference) .69 .8 .3-2.4
ABCB1 C1236T LF (NF as reference) .07 4.9 1.0-37.9
ABCB1 C2677T IF (NF as reference) .96 1.0 .3-3.0
ABCB1 C2677T LF (NF as reference) .02 7.5 1.6-55.2
ABCB1 C3435T IF (NF as reference) .28 1.9 .6-6.1
ABCB1 C3435T LF (NF as reference) .13 2.9 .7-12.7
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lowest prevalence of supratherapeutic tacrolimus concentra-
tions (33.3%) and median steady state tacrolimus concentra-
tion (12.4 ng/mL) compared with other phenotypic groups
(including those with either the CYP3A4 RM phenotype or
ABCB1 C2677T NF phenotype). These data suggest that the
impact of both CYP3A4 and ABCB1 C2677T polymorphisms
should be accounted for when dosing i.v. tacrolimus.

A arge body of evidence in the literature links CYP3A5 poly-
morphisms to interindividual variability in oral tacrolimus dis-
position. In the study by Zhang et al. [28], patients with the
CYP3A5 *1/*1 or CYP3A5 *1/*3 genotypes (also referred to
CYP3A5 expressers due to the presence of CYP3A5*1 wild-type
allele) required significantly higher oral tacrolimus doses to
achieve therapeutic blood concentrations compared with
CYP3A5 *3/*3 (nonexpressers). Clinical Pharmacogenetics
Implementation Consortium guidelines recommend a 2-fold
increase in the tacrolimus dose on therapy initiation for
CYP3A5 expressers (CYP3A5*1/*1 and CYP3A5*1/*3) [13]. These
recommendations were formulated based on studies con-
ducted mainly in the solid organ transplant settings (particu-
larly renal transplant) with oral tacrolimus dosing. Given the
paucity of data reported in the SCT setting, further research is
warranted before extrapolating these recommendations to SCT
recipients where i.v. tacrolimus is commonly used.

Few studies have reported pharmacogenomics findings
with i.v. tacrolimus [24,25]. Our study suggests there is no sig-
nificant role for CYP3A5 polymorphisms after i.v. administra-
tion of tacrolimus in SCT, contrary to the results reported in
studies by Khaled et al. [24] and Onizuka et al. [25]. These con-
flicting results could be attributed to the following factors: dif-
ferences in i.v. tacrolimus dosing (.02 mg/kg instead of .03 mg/
kg), target therapeutic range (5 to 10 ng/mL versus 5 to 15 ng/
mL), potential for drug interactions in prior studies, the use of
ideal body weight to calculate daily i.v. tacrolimus dose, and,
importantly, the more comprehensive genotyping methods
used in this study for detecting CYP3A5 and CYP3A4 polymor-
phisms, which encompassed not only CYP3A5*3 and
CYP3A4*22 (the common variant alleles tested in prior studies)
but also other variants common in nonwhites (CYP3A5*6,
CYP3A5*7, and CYP3A4*1B) given the diverse ethnic back-
ground of our patient population.

Previous studies have shown that both CYP3A4 and CYP3A5
are expressed in the liver and the intestines, with the latter
being the predominant tacrolimus metabolizing enzyme in
extrahepatic tissues such as the intestines [33-35]. The paren-
teral route for drug administration bypasses first-pass drug
metabolism by CYP3A5 in the intestines, thereby providing a
plausible explanation to our findings that liver mediated
CYP3A4 metabolism may play a larger role after i.v. adminis-
tration compared with CYP3A5 [35].

There are limitations of this study, including small sample
size and the retrospective nature of the analysis. Additionally,
there was a lack of data linking the genetic polymorphisms in
these pharmacokinetic genes with variability of oral tacrolimus
(in the same SCT setting). Although our patients were trans-
ferred to oral tacrolimus after approximately 1 week on i.v.
dosing, patients were no longer receiving the same dose, and
dose conversions from i.v. to oral were not consistent between
all patients. The retrospective nature of this study also relied
on accurate charting of tacrolimus-related adverse events;
thus, only those toxicities possibly, probably, or definitely
related to tacrolimus as noted in the physician progress note
were included in the analysis. Although the primary role of
tacrolimus in this setting is to prevent GVHD, we were unable
to accurately depict the impact of pharmacogenetics or drug
exposure on incidence of GVHD because patients received
other immunosuppressants such as cyclophosphamide or
mycophenolate mofetil post-transplant. Additionally, other
genetic polymorphisms (eg, PXR, POR, as well as others)
[18,36-38] are not accounted for in this study, which could
possibly explain some of the observed variability in i.v. tacroli-
mus exposure among this patient population. Given the lack of
data with i.v. tacrolimus in the SCT setting, we intended to con-
fine our focus to the most studied pharmacogenes reported in
the literature for tacrolimus.

In conclusion, ABCB1 C2677T and CYP3A4 polymorphisms
are important genetic determinants of tacrolimus exposure
after i.v. administration in adult patients undergoing an alloge-
neic SCT. Furthermore, patients with ABCB1 2677TT genotype
had more than a 7-fold risk of experiencing tacrolimus-related
adverse events compared with those with NF. Given the rela-
tively small number of patients included in this study and the
retrospective design for data collection, larger prospective
studies are warranted to verify these results and uncover other
genetic markers potentially associated with tacrolimus expo-
sure and response. Guidelines should discuss potential differ-
ences in pharmacogenetics findings between oral compared
with i.v. tacrolimus and SCT compared with solid organ trans-
plant. Ideally, using pharmacogenetics to identify patients at
risk for i.v. tacrolimus overexposure (or underexposure) may
pave the way for implementing a genotype-guided dosing
approach, which when coupled with therapeutic drug moni-
toring may optimize drug exposure, minimize toxicity, and
improve clinical outcomes in allogeneic SCT patients.
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