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Objectives: Emerging data suggest that the combination of tacrolimus and the CCR5 antagonist maraviroc, both
cytochrome P450-3A4 substrates, may be effective in preventing graft-versus-host disease in patients undergo-
ing allogeneic HSCT. This study evaluated whether a pharmacokinetic interaction exists between these agents.

Methods: The study included 36 allogeneic HSCT recipients who received maraviroc+tacrolimus and 43 recipi-
ents of tacrolimus alone. We used a difference-in-differences analysis to examine the change in the concentra-
tion/dose ratios of tacrolimus after the discontinuation of maraviroc. In addition, we analysed the concentrations
and dose requirements of tacrolimus in the two groups.

Results: There was no significant difference in tacrolimus concentration/dose ratios in patients receiving
maraviroc+tacrolimus compared with tacrolimus alone. Upon discontinuation of maraviroc, the change in con-
centration/dose ratio was small and not significant relative to the control group, and the effect estimate was
further attenuated after adjustment for confounders [20.35 (ng/mL)/(mg/day); P¼0.46]. In addition, the change
in mean tacrolimus dose after discontinuation of maraviroc was similar between the groups (0.12 mg/day;
P¼0.56), as was the change in mean tacrolimus concentration (0.02 ng/mL; P¼0.97).

Conclusions: Our findings do not support a significant inhibitory effect of maraviroc on the metabolism of
tacrolimus. These data demonstrate that this drug combination is safe and imply that the protective effect of
maraviroc against graft-versus-host disease was not mediated through an increase in tacrolimus concentrations.
These findings are important for the design of clinical trials that evaluate maraviroc in combination with
cytochrome P450-3A4 substrates.
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Introduction
Pharmacokinetic interactions associated with calcineurin inhibi-
tors are critical in patients undergoing solid organ transplantation
(SOT) or HSCT owing to the narrow therapeutic index of these
agents.1,2 The primary mechanism for drug–drug interactions
(DDIs) related to calcineurin inhibitors is associated with an inter-
ference with the hepatic elimination of these agents. Calcineurin
inhibitors are primarily eliminated by cytochrome P-450 (CYP)
3A4/5-mediated metabolism but many medications frequently
used in transplant recipients either inhibit or induce these isoen-
zymes, resulting in either an increased risk of toxicity or a loss
of efficacy.2 Although significant advances have been made in

discerning clinically relevant pharmacokinetic interactions be-
tween standard transplant medications and calcineurin inhibitors,
limited data are available regarding DDIs between novel thera-
peutic agents and calcineurin inhibitors in SOT and HSCT
recipients.

Among the emerging agents of interest is maraviroc, a C-C
chemokine receptor type 5 (CCR5) antagonist with promising
therapeutic potential in both SOT and HSCT.3,4 Maraviroc is a
known substrate of CYP3A4 and P-glycoprotein. Whether mara-
viroc also acts as an inhibitor of CYP3A4 remains unclear.
A study in healthy subjects suggested that maraviroc had no clin-
ically relevant effects on the pharmacokinetics of midazolam, a
major CYP3A4 substrate commonly used for evaluating DDIs
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related to CYP3A4.5 A study evaluating whether a pharmacoki-
netic interaction exists between maraviroc and calcineurin inhibi-
tors has never been performed. The only available data come
from a recent case report published in JAC that described a 21%
increase in tacrolimus exposure when combined with maraviroc in
the treatment of a liver transplant recipient.6

Although maraviroc was initially developed as part of com-
bination HAART for patients infected with CCR5-tropic HIV,
emerging evidence has demonstrated CCR5 is also involved in
lymphocyte migration and has been implicated in SOT rejection,
autoimmune diseases and graft-versus-host disease (GVHD).7 – 9

We recently tested maraviroc as a prevention strategy against
GVHD in patients undergoing allogeneic HSCT and found that
the addition of maraviroc to tacrolimus and methotrexate re-
sulted in a low rate of visceral GVHD.10 Thus, the goal of our ana-
lysis was to examine whether a pharmacokinetic interaction exists
between maraviroc and tacrolimus in HSCT recipients.

Patients and methods

Study population
We conducted a post hoc analysis of a prospective Phase I/II clinical trial
that tested the safety and efficacy of adding maraviroc to a backbone
GVHD prophylaxis regimen of tacrolimus/methotrexate in HSCT recipi-
ents. The trial results and methodology have been described in detail
elsewhere.10 Briefly, the trial enrolled 38 patients presenting for HSCT
at the Hospital of the University of Pennsylvania from June 2009 to
March 2011. All patients received oral tacrolimus (0.06 mg/kg/day) in
two divided doses beginning 2 days before HSCT, and the dose was
adjusted to a target trough level of 5 – 15 ng/mL. In the treatment
group, maraviroc was initiated 2 days before HSCT and continued until
Day 30 post-HSCT. Of note, the trial included a maraviroc dose-finding
component. Seven patients received 150 mg maraviroc twice daily
and 31 received maraviroc 300 mg twice daily for the duration of
the study. During the same time period, data were collected from an
additional 43 control patients meeting the same study criteria who
were not treated with maraviroc. The study was approved by the
Institutional Review Board of the University of Pennsylvania, and the
patients provided written informed consent.

Study variables
This analysis was conducted in patients with at least one weekly serum
tacrolimus concentration available from Week 1 to Week 6 after HSCT.
We collected data on tacrolimus dosing and serum concentration starting
from 2 days prior to HSCT until Day 56 post-transplant. We also collected
information on potential confounding variables present at baseline and
during the follow-up. As tacrolimus dosing is rapidly tapered in the event
of disease relapse, we censored the follow-up at the day of relapse.
Baseline covariates included the patients’ age, gender and weight.
Time-varying covariates included treatments and outcomes that might
affect the concentration/dose (C/D) ratios of tacrolimus through their
effects on hepatic metabolism and/or gastrointestinal absorption, includ-
ing exposure to azole antifungals or systemic corticosteroids, the develop-
ment of acute Grade 2 –4 gastrointestinal and/or liver GVHD, hepatic
dysfunction (defined as a direct bilirubin, ALT or AST concentration .3
times the upper limit of normal), gastrointestinal dysfunction (defined
as dysfunction requiring total parenteral nutrition or the occurrence of
Grade 2–4 mucositis) and infectious complications. All the time-varying
covariates were evaluated weekly. The severity of GVHD and mucositis
was graded according to standard criteria.11,12

Endpoints
The effect of maraviroc exposure on the pharmacokinetics of tacrolimus
was quantified by examining changes in the C/D ratios of tacrolimus.
This endpoint has been shown to correlate with known predictors of the
pharmacokinetics of tacrolimus in previous studies.13 – 15 An inhibition of
tacrolimus metabolism by maraviroc would result in a higher serum con-
centration for any given dose. Accordingly, we would expect to observe a
relative increase in the C/D ratio of tacrolimus during maraviroc exposure.
Upon discontinuation of maraviroc, the inhibitory effect should dissipate
and corresponding decreases in the C/D ratio would be expected. We
examined these potential changes in the C/D ratio of tacrolimus in relation
to maraviroc administration using a difference-in-differences analysis.16–19

This approach provides an implicit control of the baseline variables that
may affect the pharmacokinetics of tacrolimus because each patient
serves as their own control, thereby limiting confounding from time-
invariant factors such as genetic polymorphisms. This method also
accounts for the dynamic nature of the response to the dose of tacrolimus,
as the dosage of tacrolimus required to maintain similar trough concen-
trations is known to decrease with time post-transplantation.20 – 23

Specifically, we compared the differences in the C/D ratios of tacrolimus
between Week 2 and Week 6 in the maraviroc group with the difference
in the C/D ratios between Week 2 and Week 6 in the control group. The
timepoints for comparison were chosen a priori based on the terminal
half-lives of tacrolimus and maraviroc (12–18 h and 14–18 h, respect-
ively).24,25 Thus, we estimated that tacrolimus and maraviroc would
reach steady-state by Week 2 after the initiation of treatment. Similarly,
we anticipated Week 6 to be a sufficient time for a complete maraviroc
washout to have occurred after discontinuation of the drug on Day 30
post-HSCT. To account for the possibility of the dose intensity of maraviroc
affecting the C/D ratios of tacrolimus, we repeated the same analysis
excluding patients who had received maraviroc 150 mg twice daily.
Secondary endpoints included weekly mean tacrolimus concentrations
and weekly mean tacrolimus dose requirements.

Statistical analysis
Univariate comparisons of continuous data were assessed using the
Student’s t-test or Wilcoxon rank-sum test as appropriate. Categorical
data were assessed using the x2 test or Fisher’s exact test as appropriate.
The change in C/D ratio of tacrolimus over time was modelled with piece-
wise linear mixed-effects regression.26,27 We hypothesized that the C/D
ratios of tacrolimus would change after the discontinuation of maraviroc.
Accordingly, the mixed-effects model included a knot at Week 4, a term
that allowed the trajectory in the C/D ratio of tacrolimus to differ between
Weeks 1–4 and Weeks 5–8.27 Interaction terms between group and time
variables were introduced to allow the trend in the C/D ratios of tacrolimus
to differ between maraviroc-exposed and maraviroc-unexposed patients.
Model estimates of the C/D ratios of tacrolimus at Week 2 and Week 6
were used to calculate the difference-in-differences values. Potential con-
founding was evaluated using a change-in-estimate approach.28,29

Variables were retained in the final model if they changed the dif-
ference-in-differences estimate by ≥10%. We additionally built separate
mixed-effects models to evaluate the change in mean tacrolimus dose
and mean tacrolimus concentration over time. A two-sided P value of
≤0.05 was considered significant for all analyses.

Results
Our patient population included 38 patients treated with
maraviroc on a prospective clinical trial (Clinicaltrials.gov
NCT00948753) and 43 contemporary control patients who under-
went HSCT with the same conditioning regimen and similar sup-
portive care medications but without maraviroc. Two patients
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were excluded from the maraviroc group due to missing data on
the serum concentration of tacrolimus during Weeks 1–6. Within
this cohort, complete concentration data for tacrolimus were
available for 71/79 (90%) patients for all 8 weeks of the analysis.
In the remaining eight patients (maraviroc n¼4; control n¼4),
there were a total of 14 missing tacrolimus concentration values,
which were confined to Weeks 7 and 8 of the study period.

The patients’ characteristics are presented in Table 1. The treat-
ment groups were well balanced at baseline. During the period of
the analysis, the incidences of GVHD, infectious complications,
relapse, organ dysfunction and mortality were similar. Nearly all
patients received azole antifungal prophylaxis during the study
period. The distribution of azole exposure during each week is
described in Table S1 (available as Supplementary data at JAC
Online). Voriconazole was administered more frequently in
the maraviroc group than the control group (100% versus
83.7%; P¼0.014). Fluconazole use was less common and did
not differ between the groups (11.1% versus 20.9%; P¼0.36).
Corticosteroid exposure was also similar between the groups
(19.4% versus 16.3%; P¼0.71).

Our analysis did not demonstrate a significant difference in
tacrolimus C/D ratios in patients receiving maraviroc+tacrolimus
compared with tacrolimus alone. The mean C/D ratio of tacroli-
mus increased over time in both patient groups, most of this
occurring during Weeks 1–4 (Figure 1). During this period, the
C/D ratios for tacrolimus were slightly higher in the maraviroc
group compared with the control group. The pattern reversed in
Weeks 5–8, with the C/D ratios in the maraviroc group falling
below those of the control group. Although this pattern of change
suggested an inhibitory effect of maraviroc on tacrolimus metab-
olism, the magnitude of the differences between the groups was
small and not statistically significant [20.49 (ng/mL)/(mg/day);
95% CI 21.39 to 0.4; P¼0.28], as reflected in the difference-
in-differences analysis shown in Table 2. Of note, the value of

the difference-in-differences estimate is negative because of the
increasing trajectory of the tacrolimus C/D ratio over time. The
effect estimate was attenuated after adjusting for the patient’s
weight, GVHD and antifungal and corticosteroid exposure
[20.35 (ng/mL)/(mg/day); 95% CI 21.19 to 0.64; P¼0.46]. This
shows that when adjusting for potentially confounding variables,
the C/D ratio of tacrolimus remained similar in the two groups. To
evaluate whether the dose of maraviroc influenced the C/D ratio
of tacrolimus, we repeated the same analysis including only
patients who received maraviroc 300 mg twice daily (n¼31).
Consistent with the results observed in the overall study popula-
tion, we did not observe a significant difference in the C/D ratio of
tacrolimus between patients who received maraviroc 300 mg
twice daily compared with controls [20.4 (ng/mL)/(mg/day);
95% CI 21.38 to 0.58; P¼0.42].

Table 1. Patient characteristics

Maraviroc (n¼36) Control (n¼43) P

Baseline characteristics
recipient age (years), median (range) 62 (21–74) 62 (27–75) 0.77
recipient male gender, n (%) 21 (58) 22 (51) 0.52
recipient weight (kg), median (range) 79.5 (45–139) 81.0 (53–122) 0.45
recipient BMI (kg/m2), median (range) 27.5 (17.5–43.9) 27.3 (18.6–36.8) 0.39

Complications by Day 56
Grade 2–4 GVHD, n (%) 3 (8) 4 (9) 1
relapse, n (%) 3 (8) 4 (9) 1
infections, n (%) 0.77

none 20 (56) 22 (51)
one 11 (31) 12 (28)
two 4 (11) 3 (7)
three 1 (3) 3 (7)

gastrointestinal dysfunctiona, n (%) 10 (28) 11 (26) 0.83
hepatic dysfunctionb, n (%) 6 (17) 11 (26) 0.34
mortality, n (%) 0 (0) 1 (2) 1

aDefined as requiring total parenteral nutrition or the occurrence of Grade 2–4 mucositis.
bDefined as direct bilirubin, ALT or AST concentrations .3 times the upper limit of normal.

0

1 2

Maraviroc administered

from day –2 to day 30

3 4 5

Week

6 7 8

1

2

3

4

Ta
c
ro

li
m

u
s 

C
/D

 r
a

ti
o

(n
g

/m
L

)/
(m

g
/d

a
y

)

5

6

7

Figure 1. Change in the mean C/D ratio of tacrolimus over time: maraviroc
versus control. The C/D ratios of tacrolimus for the maraviroc and control
groups are represented by the broken line and the continuous line,
respectively.
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In addition, our findings did not reveal any differences in the
weekly tacrolimus dose requirements over time in the two groups.
Consistent with the observed trajectory of an increasing C/D ratio
of tacrolimus over time, the dosing requirements decreased sig-
nificantly over time in both groups, as depicted in Figure S1.
When adjusting for the patient’s weight, GVHD and antifungal
and corticosteroid exposure, the weekly mean tacrolimus
dose decreased less during Weeks 5–8 in the maraviroc group
compared with the control group, but the magnitude of the
difference was small and non-significant (0.12 mg/day; 95%
CI 20.29 to 0.55; P¼0.56).

We also compared the weekly mean tacrolimus concentra-
tions in the two groups (Figure S2). The mixed-effects model
estimate shows that the mean tacrolimus concentrations were
0.82 ng/mL lower in the maraviroc group throughout the study
period (P¼0.03). However, the difference between the groups
was constant over time, revealing no variations between the
groups after the maraviroc had been discontinued (0.02 ng/mL;
95% CI 20.89 to 0.85; P¼0.97). These results demonstrate that
tacrolimus concentrations were not influenced by exposure to
maraviroc.

Discussion
In this study, we observed no significant differences in the C/D
ratios of tacrolimus in patients receiving maraviroc+tacrolimus
compared with tacrolimus alone. Although a trend towards a
lower dose–response of tacrolimus was observed upon discon-
tinuation of maraviroc, the change in tacrolimus C/D ratio was
small and non-significant relative to the control group. In add-
ition, our analysis did not demonstrate a significant variation in
the dose requirements or concentrations of tacrolimus after the
cessation of maraviroc. To the best of our knowledge, this is
the first study to directly examine whether a pharmacokinetic
interaction exists between tacrolimus and maraviroc.

The primary strength of our analysis lies in using data from
a prospective clinical trial in a clinically relevant population.

Our two study groups were treated on a single transplant protocol,
received a uniform set of supportive care measures and were
well-balanced at baseline. We included data on important poten-
tial confounding variables, including measures of organ function
over time and concomitant medications with known interactive
potential.2,25 After adjusting for confounding variables, the
difference-in-differences estimate was attenuated, further sup-
porting the absence of a clinically important DDI between
maraviroc and tacrolimus.

Maraviroc was originally developed as part of combination
HAART for patients infected with CCR5-tropic HIV infection.30,31

In addition to regulating the entry process of HIV into the host
cells, the results of several pre-clinical studies have demonstrated
that CCR5 serves as a critical mediator for lymphocyte recruit-
ment to tissues that are involved in GVHD.32 – 35 Thus, our group
evaluated the protective effect against GVHD of adding maraviroc
to tacrolimus and methotrexate in 38 HSCT recipients enrolled on
a Phase I/II study. The cumulative incidence of Grade 2–4 acute
GVHD was low, at 14.7% on Day 100 and 23.6% on Day 180.
Remarkably, no cases of acute gastrointestinal or liver GVHD
were observed before Day 100.10 One of the objectives of this
post hoc analysis was to evaluate whether the protective effect
of maraviroc against GVHD was mediated through a possible
increase in tacrolimus concentration. Importantly, the mean
tacrolimus concentrations were lower in the maraviroc group rela-
tive to the control group during the first 56 days after transplant.
These data confirm that the protective effect of maraviroc against
GVHD was not mediated through an increase in tacrolimus
concentrations.

Our findings have several important implications. Several
prospective clinical trials are currently ongoing to confirm the
role of maraviroc+tacrolimus for GVHD prophylaxis in HSCT recipi-
ents. Sponsored by the Blood and Marrow Transplant Clinical
Trials Network, a multicentre clinical trial is comparing the
protective effect against GVHD of maraviroc+ tacrolimus with
several other novel approaches in adult HSCT (Clinicaltrials.gov
NCT02208037).36 The University of Pennsylvania and Cincinnati

Table 2. Difference-in-differences analysis of mean C/D ratio of tacrolimusa

Group Week 2 C/Db (95% CI) Week 6 C/Db (95% CI) Difference: Week 62Week 2b (95% CI) P

Maraviroc
unadjusted 3.87 (3.02–4.72) 4.59 (3.51–5.67) 0.72 (0.03–1.40) 0.04
adjustedc 2.21 (0.94–3.50) 2.99 (1.51–4.49) 0.78 (0.06–1.49) 0.03

Control
unadjusted 3.65 (2.87–4.43) 4.87 (3.89–5.86) 1.21 (0.58–1.84) ,0.001
adjustedc 2.26 (1.10–3.42) 3.39 (2.03–4.75) 1.13 (0.46–1.78) 0.01

Difference-in-differences
unadjusted 20.49 (21.39 to 0.40) 0.28
adjusted 20.35 (21.19 to 0.64) 0.46

aIn the first step of the difference-in-differences calculation, intragroup changes in C/D ratio are estimated: the values in Week 2 are subtracted from
those in Week 6. In the second step, the change from baseline is compared in each group: the Week 62Week 2 difference in the control group is
subtracted from the Week 62Week 2 difference in the maraviroc group. The results presented here are those obtained before and after adjusting
for confounding variables.
bUnits are expressed as (ng/mL)/(mg/day).
cAdjusted for weight, GVHD, antifungal exposure and corticosteroid exposure.
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Children’s Hospital Medical Center are conducting additional clin-
ical trials to further characterize this combination for GVHD
prophylaxis in adult (Clinicaltrials.gov NCT01785810) and paedi-
atric (Clinicaltrials.gov NCT02167451) HSCT, respectively.37,38 In
addition, maraviroc may have therapeutic potential in SOT as an
absence of CCR5 has been associated with lower rates of graft
rejection.39,40 Moreover, maraviroc is also being evaluated for a
broad range of clinical indications beyond the field of transplant-
ation, having demonstrated promising pre-clinical or clinical
activity in breast cancer, gastric cancer, chronic liver disease
and JC virus-associated immune reconstitution inflammatory
syndrome.41 – 46 Given the expanding therapeutic potential of
maraviroc, it is imperative to characterize its effect on CYP3A4.
The results of our analysis do not reveal evidence of a significant
inhibitory effect of maraviroc on tacrolimus metabolism and sug-
gest that these two agents can be administered safely together.
These findings are important for the design of future clinical trials
that evaluate the administration of maraviroc in combination with
tacrolimus or other CYP3A4 substrates.
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