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AIM
This open-label study investigated the effect of belatacept on cytokine levels and on the pharmacokinetics of caffeine, losartan,
omeprazole, dextromethorphan and midazolam, as CYP probe substrates after oral administration of the Inje cocktail in healthy
volunteers.

METHODS
Twenty-two evaluable subjects received the Inje cocktail on Days 1, 4, 7 and 11 and belatacept infusion on Day 4.

RESULTS
Since belatacept caused no major alterations to cytokine levels, there were no major effects on CYP-substrate pharmacokinetics,
except for a slight (16–30%) increase in omeprazole exposure, which was probably due to omeprazole-mediated, time-
dependent CYP inhibition. Belatacept did not cause major alterations in the pharmacokinetics, as measured by the geometric
mean ratios and associated 90% confidence interval for area under the plasma concentration -time curve from time zero to infinity
on Day 7 comparing administration with and without belatacept for caffeine (1.002 [0.914, 1.098]), dextromethorphan
(1.031 [0.885, 1.200]), losartan (1.016 [0.938, 1.101)], midazolam (0.968 [0.892, 1.049]) or their respective metabolites.

CONCLUSIONS
Therefore, no dose adjustments of CYP substrates are indicated with belatacept coadministration.

WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• The effect of therapeutic proteins on the pharmacokinetics of cytochrome P450 (CYP)-substrate drugs is poorly
understood and has not been evaluated for belatacept.

• The effect of drugs (including therapeutic proteins) on CYP activities can be studied in vivo using a cocktail probe
approach.
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WHAT THIS STUDY ADDS
• Since belatacept caused no major alterations to cytokine levels, there were no clinically relevant pharmacokinetic effects
on CYP substrates.

• The self-mediated, time-dependent CYP2C19 inhibition by omeprazole suggests that multiple doses of this agent are not
recommended in drug–drug interaction studies, unless there is sufficient washout time.

• SimCYP pharmacokinetic modelling can be used to facilitate data interpretation.
• Coadministration of belatacept and the Inje cocktail is safe and well tolerated, supporting the feasibility of applying this
methodology for assessing the potential drug interactions of therapeutic proteins.

Tables of Links

TARGETS

Other protein targets [2] Enzymes [3]

CD80 CYP1A2

CD86 CYP2C9

CTLA-4 CYP2C19

Tumour necrosis factor CYP2D6

CYP3A4

Cytochrome P450

LIGANDS

Belatacept IL-6

Caffeine IL-10

Dextromethorphan Losartan

Dextrorphan Midazolam

EXP3174 Omeprazole

IFN-gamma Tocilizumab

IL-2

These Tables lists key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [1], and are permanently archived in the Concise Guide to
PHARMACOLOGY 2015/16 [2, 3].

Introduction
Belatacept (Nulojix®; Bristol-Myers Squibb, Princeton,
New Jersey) is a recombinant fusion protein and selective
T-cell costimulation blocker indicated for the prevention of
organ rejection in Epstein–Barr virus-positive kidney
transplant recipients [4]. The protein consists of the modified
extracellular domain of human cytotoxic T-lymphocyte
antigen 4 fused to a portion of the constant-region fragment
of human immunoglobulin G1, and binds to CD80 and
CD86 [4].

Drug interactions are an important consideration in the
transplant setting due to widespread polypharmacy and the
presence of age-related changes that increase the likelihood
of drug-related adverse events [5]. The potential for drug in-
teractions involving therapeutic proteins was not initially
recognized, as therapeutic proteins, unlike many small-
molecule immunosuppressant drugs, are not metabolized by
cytochrome P450 (CYP) enzymes [6]. However, it is now
known that therapeutic proteins, which are proinflammatory
cytokines or cytokine modulators (e.g. monoclonal antibod-
ies) can alter CYP expression or function and thereby interact
with drugs that are CYP substrates [7, 8]. Endogenous cyto-
kines produced in response to infection and disease can
downregulate transcription of specific CYP genes, and
clinically relevant interactions have been reported when
therapeutic cytokines such as interferon (IFN)-α are adminis-
tered with drugs that are CYP substrates [6]. Conversely,
therapeutic monoclonal antibodies may reverse cytokine-
mediated suppression of CYP in inflammatory diseases,

leading to increased clearance of CYP substrates [6]. This
has been demonstrated by reduced exposure to omeprazole
and simvastatin in patients with rheumatoid arthritis
treated with tocilizumab, an antibody that targets interleukin
(IL)-6 [6, 9].

The current Food and Drug Administration guidance on
drug interaction studies recommends that therapeutic pro-
teins that are cytokines or cytokine modulators be investi-
gated to determine their effect on CYP enzymes or
transporters [10]. Belatacept has been shown to inhibit pro-
duction of certain cytokines during an in vitro alloimmune
response, and modulation of cytokine pathways responsible
for regulating CYP expression is a common means by which
therapeutic proteins may influence CYP activity [8]. As the
half-life of belatacept in healthy individuals approaches
10 days (t1/2 = 9.8) [4], a single administered dose could
potentially affect CYP pharmacokinetics during this time
period. However, the effect of therapeutic proteins on the
pharmacokinetics of CYP-substrate drugs remains difficult
to predict, and the mechanisms involved are poorly under-
stood [6]. Assessing the risk of drug interactions requires con-
sideration of the potential for either a direct mechanistic
impact on CYP or an indirect interaction with CYP substrates
which occurs as part of the disease [11]. During an in vitro
alloimmune response, belatacept was found to inhibit the
production of certain cytokines [4], but the potential for
belatacept to alter in vivo exposure to drugs that are CYP sub-
strates has not been evaluated.

The effect of multiple drugs on CYP activities can be
simultaneously studied in vivo using a cocktail probe
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approach [12], but few such studies have been performed
using therapeutic proteins. Here we report the novel method-
ology and findings of the first drug–drug interaction study to
investigate the effect of belatacept on the pharmacokinetics
of caffeine, losartan, omeprazole, dextromethorphan and
midazolam. These substrates were administered orally and
simultaneously to healthy volunteers as the Inje cocktail, a
validated combination of sensitive probe substrates for iden-
tifying the in vivo enzyme activities of CYP1 A2, CYP2C9,
CYP2C19, CYP2D6 and CYP3 A4, respectively [12]. The effect
of belatacept on the pharmacokinetics of these probe
substrates was evaluated multiple times following the infu-
sion of belatacept. In this way, it was possible to study the
extent of the interaction when concentrations were at peak
as well as during the elimination of the drug. The safety and
tolerability of coadministration of belatacept and the Inje
cocktail was a secondary objective. The impact of belatacept
administration on cytokine levels was an exploratory
objective.

Methods

Conduct of the study
This open-label, nonrandomized, single-sequence study was
registered with ClinicalTrials.gov (NCT01766050). Institu-
tional Review Board/Independent Ethics Committee ap-
proval was obtained, and the study was conducted in
accordance with Good Clinical Practice principles and the
Declaration of Helsinki. All participants provided written in-
formed consent.

Subjects
Eligible subjects were men and women aged 18–45 years with
a body mass index of 18–30 kg m�2, who were healthy as de-
termined by medical history, physical examination, electro-
cardiogram (ECG) and clinical laboratory findings. Women
of childbearing potential (and participating men with sexual
partners in this category) were required to continue contra-
ception for 90 days after the last dose of studymedication. Ex-
clusion criteria included known or suspected infection (or
risk factors for developing infection), autoimmune disorders
and a history or strong family history of malignancy. Prior ex-
posure to belatacept, abatacept or leucocyte-depleting agents
(e.g. rituximab) was prohibited. The washout period was
3 months for hormonal contraceptive agents; 4 weeks (or five
half-lives, whichever was longer) for prescription drugs,
St John’s wort and live vaccine administration; 2 weeks for
over-the-counter drugs and most herbal preparations; and
1 week for aspirin. Concomitant medications were not

permitted during the study unless initiated by the investiga-
tor to treat adverse events. Subjects abstained from foods or
beverages containing caffeine, as well as those known to in-
hibit or induce CYP1 A2, CYP2C9, CYP2C19, CYP2D6 or
CYP3 A4 (Tables 1 and 2).

Study design and treatment
Table 3 summarizes the study sequence. Participants were ad-
mitted to a clinical pharmacology unit on Day �1 for screen-
ing and remained at the clinic until furlough on Day 12,
subsequently returning for two follow-up visits. All subjects
received the same drug regimen. In the morning on Days 1,
7 and 11, after fasting for at least 10 h, subjects were adminis-
tered oral doses of the Inje cocktail, which consisted of caf-
feine (200-mg tablet), losartan (50-mg tablet), omeprazole
(40-mg delayed-release capsule), dextromethorphan (30-mg
capsule) and midazolam (5-mg oral syrup) as probe substrates
for CYP1 A2, CYP2C9, CYP2C19, CYP2D6 and CYP3 A4, re-
spectively. In the morning of Day 4, after fasting for at least
10 h, belatacept was administered as a single 10-mg kg�1 in-
travenous infusion over 30 min, closely followed (within ap-
proximately 5 min) by the Inje cocktail (same doses listed).
Belatacept 10 mg kg�1 was selected because it is the dose that
is approved for use in the initial phase after kidney transplant
[4]. During dosing of the Inje cocktail, the oral dispenser used
to administer midazolam was re-filled twice with 10 ml of wa-
ter, and then administered to the subject. In addition, at the
time of the Inje cocktail dosing, 240 ml of water was adminis-
tered to the subject along with the study medication. A phy-
sician was on site each day of dosing and remained on site
for at least 4 h after each midazolam dose. Compliance was
assessed by mouth check.

Table 4 details the Inje cocktail components and their me-
tabolites, together with the relevant CYP subtype. Each drug
in the Inje cocktail was sourced from a single commercially
available lot.

Pharmacogenomics
Using a blood sample collected on Day �1, genotyping was
performed for polymorphic CYP2C9, CYP2C19 and CYP2D6
to identify any poor metabolizers of the Inje cocktail compo-
nents in an effort to guide data interpretation.

Pharmacokinetic analysis and study end points
Blood samples for serum belatacept pharmacokinetics were
taken pre- and post-dose on Day 4 and on Days 5, 11 and
18. Blood samples for the assessment of plasma concentra-
tions of the Inje cocktail components (caffeine, losartan,
omeprazole, dextromethorphan and midazolam) and their
metabolites (paraxanthine, E-3174, 5-hydroxyomeprazole,

Table 1
Study design

Screening/ enrolment IC 1 IC 2 belatacept IC 3 IC 4 Clinical furlough Follow-up End of study

Days �21 to �1 Day 1 Day 4 Day 7 Day 11 Day 12 Day 18 Day 32 (± 2) Day 46 (± 2)

IC, Inje cocktail
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dextrorphan and 1′-hydroxy-midazolam, respectively) were
collected over 24 h on Days 1, 4, 7 and 11 (0, 0.5, 1, 1.5, 2,
3, 4, 5, 6, 8, 12 and 24-h postdosing).

The primary end point was maximum serum concentra-
tion (Cmax), area under the plasma concentration–time curve
(AUC) from time zero to the time of last quantifiable concen-
tration (AUC0–t), and AUC from time zero to infinity
(AUC0–∞) of each Inje cocktail component, with and without
administration of belatacept. Cmax, AUC0–t and AUC0–∞ of
the metabolites, as well as the molecular weight-corrected
metabolite-to-drug ratio of these parameters, were secondary
end points. Point estimates of the geometric mean ratios were
calculated for the Inje cocktail components, the metabolites
and metabolite-to-drug ratios to compare Days 4, 7 and
11 with Day 1, respectively, in the evaluable pharmacokinetic
population.

All reported results for belatacept and the Inje cocktail
data were conducted in compliance with applicable standard
operating procedures in place at the time of the analysis. For
the summaries of belatacept and the Inje cocktail plasma
concentration–time data, concentrations that were less than

the lower limit of quantification (LLOQ) were treated as miss-
ing in summary tables and plots. For pharmacokinetic calcu-
lations, predose concentrations and concentrations prior to
the first quantifiable concentration that were less than the
LLOQ were set to zero. All other concentrations less than
LLOQ were set to missing.

Pharmacokinetics parameters were derived from plasma
concentration vs. time data using noncompartmental analy-
sis (WinNonlin® Professional Network Edition, Version
6.2.1; Pharsight Corp, St Louis, MO, USA).

Pharmacokinetic assay performance
A liquid chromatography and tandem mass spectrometry
method was developed and validated to simultaneously de-
termine the concentrations: of dextromethorphan; losartan
and its major active metabolites, losartan carboxylic acid
and E-3174; midazolam and 1′-hydroxymidazolam; omepra-
zole and its major active metabolite, 5-hydroxyomeprazole;
and caffeine and its major active metabolite,
1,7-dimethylxanthine (paraxanthine) to support pharmaco-
kinetic analyses. All reported results for caffeine, losartan,
omeprazole, dextromethorphan, midazolam, paraxanthine,
E-3174, 5-hydroxyomeprazole, dextrorphan and 1′-hydroxy-
midazolam concentrations in plasma were generated using ap-
propriate calibration curves and quality control samples that
met pre-established acceptance criteria and were conducted
in compliance with applicable standard operating procedures
in place at the time of analysis. A summary of assay perfor-
mance for caffeine, losartan, omeprazole, dextromethorphan,
midazolam, paraxanthine, E-3174, 5-hydroxyomeprazole,
dextrorphan and 1′-hydroxy-midazolam concentrations in
plasma is presented in Table 5.

Exploratory biomarker analyses
Serum samples for measuring cytokine levels were collected
on Days �1, 1, 4, 7, 11, 18, 32 and 46; samples were taken
prior to dosing on Days 1, 4, 7 and 11. Tumour necrosis
factor-α, IFN-α, IFN-γ, IL-2, IL-6 and IL-10 were quantified by
a validated multiplex immunoassay on the Luminex plat-
form. Whole-blood samples were collected on Days 1
(predose), 7 (predose) and 18.

Pharmacokinetic modelling of omeprazole
accumulation
A physiologically based pharmacokinetic model of omepra-
zole and 5-hydroxyomeprazole was developed using SimCYP
(v.13; Certara, St Louis, MO, USA). This model was developed
after the initial clinical study and was used to evaluate the hy-
pothesis that the observed increase in omeprazole AUC and
observed decrease in 5-hydroxyomeprazole AUCm/AUCp

were caused by omeprazole-mediated, time-dependent inhi-
bition of its own CYP-mediated elimination rather than by
belatacept. The same regimen of omeprazole used in the
healthy volunteer study was used for the model, but excluded
belatacept; this model predicted accumulation after repeated
doses of omeprazole 40 mg alone on Days 1, 4, 7 and 11 for
the study population. Full model development methodology
andmodel parameter values are provided in the supplemental
material.

Table 2
Inje cocktail components

Cytochrome
P450 enzyme

Probe substrate in
Inje cocktail Metabolite

1A2 Caffeine (200 mg) Paraxanthine

2C9 Losartan (50 mg) E-3174

2C19 Omeprazole (40 mg) 5-hydroxyomeprazole

2D6 Dextromethorphan (30 mg) Dextrorphan

3A4 Midazolam (5 mg) 1′-hydroxy-midazolam

Table 3
Disposition of subjects

Data Set Subjects, n (%)

Enrolled 45

Dosed 22

Completed study 18 (81.8%)

Did not complete study 4 (18.2%)

Adverse event 1 (4.5%)

Withdrew consent 2 (9.1%)

Lost to follow-up 1 (4.5%)

Safety analysis 22 (100.0%)

Pharmacokinetic analysis 22 (100.0%)a

Reduced pharmacokinetic data set for
dextromethorphanaa

21 (95.5%)

aA reduced pharmacokinetic data set was defined for dextrome-
thorphan and dextrorphan (one poor CYP2D6 metabolizer was
excluded)
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Table 5
Summary of bioanalytical assay performance for components of the Inje cocktail and metabolites

Analyte Matrix
LLOQ
(ng ml�1)

ULOQ
(ng ml�1)

Between-run
%CVa

Within-run
%CVa

Mean % deviation
from nominal
concentrationa

Caffeine Plasma 25.0 25 000 ≤8.17 ≤35.1 ±2.07

Losartan Plasma 0.500 500 ≤8.60 ≤20.6 ±5.89

Omeprazole Plasma 1.00 1000 ≤7.74 ≤17.0 ±1.78

Dextromethorphan Plasma 0.0500 50.0 ≤9.50 ≤22.9 ±8.70

Midazolam Plasma 0.100 100 ≤3.65 ≤4.90 ±2.90

Paraxanthine Plasma 25.0 25 000 ≤8.14 ≤36.1 ±9.45

E-3174 Plasma 0.500 500 ≤8.37 ≤20.9 ±6.03

5-hydroxyomeprazole Plasma 1.0 1000 ≤6.41 ≤15.5 ±2.70

Dextrorphan Plasma 0.800 800 ≤11.5 ≤23.8 ±3.19

1′-hydroxymidazolam Plasma 0.100 50.0 ≤6.47 ≤11.2 ±3.99

aMaximum value from analytical quality controls
CV, coefficient of variation; LLOQ, lower limit of quantitation; ULOQ, upper limit of quantitation.

Table 4
Effect of belatacept on the pharmacokinetics of the Inje cocktail components

Day 4 Day 7 Day 11

Omeprazole

Cmax 1.260 (1.118, 1.421) 1.292 (1.090, 1.531) 1.178 (0.971, 1.429)

AUC0–t 1.159 (1.056, 1.272) 1.228 (1.092, 1.381) 1.215 (1.047, 1.410)

AUC0–∞ 1.193 (1.091, 1.304) 1.227 (1.093, 1.379) 1.300 (1.141, 1.482)

Caffeine

Cmax 0.948 (0.880, 1.021) 0.922 (0.857, 0.993) 0.954 (0.885, 1.028)

AUC0–t 0.941 (0.874, 1.013) 0.986 (0.902, 1.076) 1.027 (0.942, 1.120)

AUC0–∞ 0.939 (0.868, 1.017) 1.002 (0.914, 1.098) 1.036 (0.940, 1.142)

Losartan

Cmax 1.081 (0.914, 1.278) 1.158 (1.003, 1.338) 1.152 (0.988, 1.342)

AUC0–t 1.013 (0.944, 1.088) 1.016 (0.936, 1.103) 1.001 (0.893, 1.121)

AUC0–∞ 1.011 (0.942, 1.085) 1.016 (0.938, 1.101) 1.002 (0.896, 1.121)

Dextromethorphan

Cmax 0.863 (0.746, 0.997) 0.922 (0.793, 1.071) 0.856 (0.709, 1.034)

AUC0–t 0.915 (0.817, 1.024) 1.003 (0.856, 1.175) 0.963 (0.821, 1.130)

AUC0–∞ 0.877 (0.783, 0.982) 1.031 (0.885, 1.200) 1.022 (0.839, 1.245)

Midazolam

Cmax 0.991 (0.898, 1.093) 0.911 (0.830, 1.000) 0.994 (0.885, 1.116)

AUC0–t 1.050 (0.976, 1.130) 0.966 (0.889, 1.049) 1.033 (0.950, 1.123)

AUC0–∞ 1.049 (0.975, 1.127) 0.968 (0.892, 1.049) 1.031 (0.948, 1.121)

Data are point estimates for the geometric mean ratio of the test day vs. Day 1 (90% confidence interval). AUC, area under the plasma concentration-
time curve; Cmax, maximum concentration
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Safety
Safety and tolerability were secondary objectives. Blood and
urine for haematology, chemistry and urinalysis assessment
were collected at the screening; Days �1, 3, 6 and 10; and
study discharge (Day 46 ± 2) visits. Subjects were required to
fast (nothing to eat or drink except for water) for at least
10 h prior to specimen collection for clinical laboratory test-
ing. All laboratory assessments were reviewed by the investi-
gator prior to dosing on Day 1. The incidence of adverse
events and significant laboratory abnormalities were re-
corded during the study, and changes in ECGs, vital signs
and physical examinations were monitored.

Statistical methods
The sample size was not based on statistical power consider-
ations. Data from 20 evaluable subjects were required to pro-
vide at least 90% confidence that the estimated ratios of the
geometric mean values for AUC0–∞ for each Inje cocktail com-
ponent with and without belatacept for were within 20% of
the true ratios (i.e. the 90% confidence interval [CI] for
test/reference ratio would be between 0.80 and 1.25, given a
true ratio of 1).

To estimate the effect of concomitant belatacept on each
of the Inje component drugs, linear mixed models were fitted
to log-transformed pharmacokinetic parameters. Point esti-
mates and 90% CIs for treatment differences on the log scale
were exponentiated to obtain estimates for Cmax, AUC0–t

and AUC0–∞; ratios were calculated using the geometric
means of the Inje cocktail ± belatacept (Days 4, 7 and 11) vs.
the reference value (Day 1). No adjustments were made for
multiple comparisons. Statistically significant differences
were defined by the 90% CI for the geometric mean ratio fall-
ing below 0.80 or above 1.25.

Results

Study population
Table 1 shows the disposition of study participants. The study
was conducted between January and April 2013 at a single
centre in San Antonio, Texas. A total of 45 subjects were
screened, 22 of whom met eligibility criteria and received at
least one dose of study drugs. Eighteen subjects completed
the study.

Of the 22 subjects who received at least one dose of study
drugs, 21 were male. The mean age was 31.5 years (range,
20–43), and the mean body mass index was 24.6 (range,
19.7–29.9). The majority was white (n = 15); seven were
black/African American.

Pharmacogenomics analysis identified one subject who
was a poor metabolizer of CYP2D6; this subject was excluded
from the pharmacokinetic analyses of dextromethorphan
and its metabolite, dextrorphan.

Pharmacokinetics
Figure 1 presents the effect of belatacept on the pharmacokinet-
ics of the Inje cocktail component drugs and their metabolites.
Of the Inje cocktail drugs, only omeprazole showed a consistent
increase in exposure following coadministration of belatacept.

The point estimates for the geometricmean ratios formaximum
concentration (Cmax) and AUC of omeprazole were approxi-
mately 16–30%higher following coadministration of belatacept
and the Inje cocktail vs. the Inje cocktail alone; the upper
bounds of the 90% CIs were all above 1.25 on Days 4, 7 and 11
(Table 2). The pharmacokinetics of the metabolite 5-
hydroxyomeprazole were unchanged by belatacept coadminis-
tration, but there was a statistically significant reduction in the
metabolite-to-parent ratios as a consequence of the increased
exposure to omeprazole.

Belatacept did not alter the pharmacokinetics of caffeine
(Table 2) or its metabolite, paraxanthine. Geometric mean ra-
tios for Cmax, AUC0–t and AUC0–∞, were close to 1, and the
90% CIs were all within the equivalence range of 0.80 to
1.25 on Days 4, 7 and 11.

The pharmacokinetics of losartan, dextromethorphan,
midazolam and their respective metabolites were generally
comparable when the drugs were given with and without
belatacept: geometric mean ratios approximated 1, and most
90%CIs were within 0.80 to 1.25, although in some instances
the 90% CIs were slightly outside these boundaries (Table 2).
Exposure to losartan was comparable when administered
with and without belatacept in terms of AUC, but Cmax in-
creased by 8% to 16% in the presence of belatacept. Point es-
timates for the geometric mean ratios for Cmax were slightly
above 1, and the upper bounds of the 90% CIs were above
1.25, which was consistent across Day 4 (1.081 [0.914,
1.278]), Day 7 (1.158 [1.003, 1.338]) and Day 11 (1.152
[0.988, 1.342]). The apparent increase in losartan Cmax with
belatacept administration may reflect the large variability
associated with this parameter (56–68% coefficient of varia-
tion). Belatacept had no effect on the pharmacokinetics of
the losartan metabolite, E-3174.

Geometric mean AUC ratios for dextromethorphan
were close to 1, and 90% CIs were within the 0.80–1.25
range, except for the AUC0–∞ ratio on Day 4, which was
0.877 (0.783, 0.982; Table 2). For Cmax, the geometric
mean ratios showed a decrease of 8% to 14%; all ratios
were slightly below 1, and the lower bounds of the 90%
CIs were below 0.80: Day 4, 0.863 (0.746, 0.997); Day 7,
0.922 (0.793, 1.071); and Day 11, 0.856 (0.709, 1.034).
The pharmacokinetics of the metabolite dextrorphan
showed minor deviations from equivalence; for the
metabolite-to-parent ratios, the deviations in the 90% CIs
from the limits of equivalence were <16%.

No clinically relevant drug interaction was observed for
midazolam. The point estimates for the geometric mean ra-
tios for Cmax and AUC of midazolam approximated 1, and
the respective 90% CIs fell within the 0.8–1.25 limits. Minor
deviations from equivalence criteria were observed for its me-
tabolite, 1′-hydroxy-midazolam; these deviations from the
limits of equivalence were <10%. The increases of 14% to
19% observed for the point estimates for Cmax and AUC of
the metabolite on Day 11 were not considered clinically rele-
vant. In addition, for the metabolite-to-parent AUC0–t ratio,
the upper bound of the 90% CIs exceeded 1.25 on Day 7
(1.160 [1.059, 1.272]) and Day 11 (1.153 [1.033, 1.287]); for
the metabolite-to-parent AUC0–∞ ratio, the upper bound of
the 90% CIs also exceeded 1.25 on Day 7 (1.150 [1.048,
1.261]) and Day 11 (1.145 [1.026, 1.278]). These deviations
were considered minor and not clinically relevant.

Assessing the drug interaction potential of belatacept with CYP450 enzymes

Br J Clin Pharmacol (2017) 83 370–380 375



Figure 1
Effect of belatacept on the pharmacokinetics of (A) the Inje cocktail components, (B) the Inje cocktail metabolites and (C) metabolite-to-parent
ratios. Belatacept was administered on Day 4 and the Inje cocktail was administered on Days 1, 4, 7 and 11. Data represent point estimates of
the geometric mean ratios (test vs. Day 1) with 90% CIs. AUC, area under the plasma concentration–time curve; CI, confidence interval; Cmax,
maximum concentration; MR, metabolite-to-drug ratio
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Exploratory analysis of cytokine levels
Therapeutic serum concentrations of belatacept were
achieved and were similar to concentrations previously ob-
served in healthy subjects and in patients from previous
belatacept clinical trials. An exploratory analysis of the im-
pact of belatacept administration on cytokine levels showed
that cytokine levels were below the LLOQ in the majority of
study participants, an observation consistent with other
studies. There were no significant changes following
belatacept administration in the levels of tumour necrosis
factor-α, IFN-γ, IL-2, IL-6 or IL-10. IFN-α showed a significant
change from baseline to Day 4, with a mean decrease of
15% (P = 0.0178). However, this result was affected by two
outlier values that were only present on Day 4 (Figure 2). Ab-
solute levels of IFN-α remained within the normal range
throughout the study period, and the observed change on
Day 4 was not considered clinically meaningful. There were
no clinically relevant correlations between the change in cy-
tokine levels and the pharmacokinetics of the Inje cocktail
drugs or their metabolites.

Physiologically based pharmacokinetic
modelling of omeprazole
A physiologically based pharmacokinetic model of omepra-
zole accumulation that excluded the administration of
belatacept (see Methods and Supplemental Material) indi-
cated that the observed increase in omeprazole exposure
was caused by omeprazole-mediated, time-dependent inhibi-
tion of its own CYP-mediated elimination. Using the same
dosing regimen of omeprazole used in the present clinical
study, the predicted accumulation after repeated doses of
omeprazole 40 mg alone was consistent with the results ob-
tained clinically. The model accurately predicted mean
changes in AUC for omeprazole and 5-hydroxyomeprazole,
as well as the metabolite-to-parent AUC ratio, with predicted

values falling within the 90% CIs for the observed values
(Figure 3). The predicted AUC (μmol l–1 × h) of omeprazole
relative to Day 1 was 1.14 on Day 4, 1.18 on Day 7, and 1.13
on Day 11; the corresponding observed values were 1.16,
1.23 and 1.22, respectively.

Safety
No deaths or serious adverse events occurred that were attrib-
uted to treatment during the study. Five of 22 subjects (23%)
had a total of 15 adverse events which were mild (n = 9), mod-
erate (n = 5) or severe (n = 1). This included one subject who
discontinued the study due to severe, exercise-induced crea-
tine phosphokinase elevation that was unrelated to treat-
ment. The most common adverse event was headache
(three subjects), with diarrhoea, anxiety and erythema each
occurring in one subject. Diarrhoea was the only adverse
event considered related to the study drug and was reported
on each of the 4 treatment days. All adverse events resolved
without sequelae during the study. Apart from the subject
with creatine phosphokinase elevation, there were no clini-
cally relevant laboratory results, vital signs or ECGs.

Discussion
The potential for drug interactions involving therapeutic pro-
teins has gained attention as their clinical use has increased
[7, 10, 11, 13, 14]. A cocktail probe approach, whereby sub-
strates for multiple CYP enzymes are simultaneously admin-
istered, is a convenient way to assess the potential for CYP
induction or inhibition. This study used the validated, orally
administered Inje cocktail to assess the effect of belatacept on
the pharmacokinetics of drugs metabolized by CYP1 A2 (caf-
feine), CYP2C9 (losartan), CYP2C19 (omeprazole), CYP2D6
(dextromethorphan) and CYP3 A4 (midazolam). Belatacept
has been shown to inhibit the production of certain
cytokines during an in vitro alloimmune response, and
modulation of cytokine pathways responsible for regulating
CYP expression is a common means by which therapeutic
proteins may influence CYP activity [8]. As the half-life
of belatacept in healthy individuals approaches 10 days
(t1/2 = 9.8) [4], a single dose on Day 4 could potentially
affect CYP-substrate pharmacokinetics up to Day 11. How-
ever, as belatacept had no effect on cytokine modulation
in this study, no clinically relevant drug–drug interactions
were identified.

Furthermore, belatacept did not alter CYP450 activity
either at high or intermediate concentrations. A 10 mg kg�1

dose of belatacept represents the loading dose for initiating
therapy in transplant patients, for which they continue to
receive this dose every 2 weeks for the first month and then
monthly for 2 additional months following transplantation,
after which patients step down to a lower dose of 5 mg kg�1.
As is permissible and ethical in a normal healthy volunteer
population, the highest approved dose of 10 mg kg�1 was ad-
ministered as a single dose to healthy subjects to be able to
safely test higher exposures. While this study was not per-
formed under multiple-dose conditions, the results from this
single-dose evaluation suggest that as drug concentrations of

Figure 2
Individual serum IFN-α levels by day (all treated subjects). Dotted line
represents the LLOQ (8.6 pg ml�1). Values below LLOQ were im-
puted as 1/2 × LLOQ. Open circles represent individual values and
closed circles represent geometric mean values. IFN, interferon;
LLOQ, lower limit of quantification
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belatacept declined from peak through elimination, the phar-
macokinetics of the probe substrates remained consistent.

Exposure to omeprazole did increase slightly (16–30%)
when administered with belatacept, but this occurred
without alterations in the pharmacokinetics of its metabolite
5-hydroxyomeprazole. Given the favourable safety profile of
omeprazole [15], the observed increase in exposure is un-
likely to increase adverse event risk. This increase is sugges-
tive of weak in vivo CYP2C19 inhibition over the study
period, which is unlikely to be related to belatacept adminis-
tration, but rather to omeprazole-mediated, time-dependent
inhibition of its own CYP-mediated elimination [16, 17]. In
support of this, model simulations of omeprazole 40 mg
administered orally on Days 1, 4, 7 and 11 and without
belatacept predicted considerable accumulation of omepra-
zole. In a prior study of healthy volunteers, daily administra-
tion of omeprazole 40 mg resulted in accumulated exposures
after 5 days (Day 5 to Day 1 AUC ratio of 2.4) [18], despite its
short half-life (t1/2 = 0.5–1 h) relative to its 24-h dosing
interval [19]. No accumulation has been observed with
CYP2C19-poor metabolizers, indicating that this phenome-
non is dependent on CYP2C19 activity [17]. More recent

in vitro studies have established that omeprazole and its
metabolites are CYP2C19 time-dependent inhibitors (also
known as mechanism-based or metabolism-dependent in-
hibitors) [16, 20, 21]. Our exploratory pharmacokinetic
model simulations support the idea that omeprazole is
inhibiting its own elimination under multiple dosing inde-
pendently of belatacept coadministration. Sufficient dose re-
ductions (≤20 mg) or increasing dosing intervals (to ≥5 days)
would be needed to avoid false-positive drug–drug interac-
tion results due to autoinhibition.

Kidney transplant recipients, particularly the elderly, of-
ten take multiple medications under multidrug immunosup-
pressive regimens, as well as for the treatment of
comorbidities, which leaves them at risk for drug interactions
[5, 22–25]. Most of the commonly used immunosuppressants
are metabolized by CYP and are substrates for various trans-
porters, which may lead to interactions with commonly pre-
scribed drugs and other immunosuppressants [5, 26, 27].
Adverse events, including those resulting from the concur-
rent prescription of agents with potential drug interactions,
are not uncommon among kidney transplant recipients,
and an increased incidence of such events has been

Figure 3
Predicted and observed plasma concentration vs. time curves of (A) omeprazole and (B) 5-hydroxyomeprazole on Day 1 for all subjects (n = 22).
The predicted data are depicted as mean (solid line) and standard deviation (grey area), whereas the observed data are depicted as mean (dots)
and standard deviation (error bars). Predicted vs. observed change in (C) omeprazole AUC and (D) AUC ratio of 5-hydroxyomeprazole to omep-
razole on Days 4, 7 and 11 relative to Day 1 for all subjects (n = 22). Geometric mean data with 90% CIs are shown. AUC, area under the curve;
AUCm/AUCp, metabolite-to-parent ratio; CI, confidence interval

D. Williams et al.

378 Br J Clin Pharmacol (2017) 83 370–380



associated with a history of cardiovascular disease or diabetes
[22]. This emphasizes the importance of understanding po-
tential drug interactions in belatacept-treated patients.

Overall, the results presented herein suggest that
belatacept has no clinically relevant drug interactions with
the CYP substrates included in the Inje cocktail or their me-
tabolites, despite an increase in omeprazole exposure. Fur-
thermore, the results from this investigation reassure
prescribing physicians that belatacept can be safely pre-
scribed to renal transplant patients administered other CYP
substrates, without the need for dosage adjustments [4].
Coadministration of belatacept with the Inje cocktail was safe
and well tolerated, supporting the feasibility of this method-
ology for assessing the potential drug interactions of
therapeutic proteins.
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