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Background: The advent of cystic fibrosis transmemibrane conductance regulator protein
(CFTR) modulators like ivacaftor have revolutionised the treatment of cystic fibrosis (CF).
However, due to the plethora of variances in disease manifestations in CF, there are inherent
challenges in unified responses under CFTR modulator treatment arising from variability in patient
outcomes. The pharmacokinetic (PK) data available for ivacaftor-lumacaftor cystic fibrosis (CF)
transmembrane conductance regulator (CFTR) modulator drug combination is limited.

Methods: Secondary objectives were to identify (1) patient characteristics and (2) the
interactions between ivacaftor-lumacaftor responsible for interindividual variability (IIV).

Results: Peak plasma concentrations (Cpay) Of ivacaftor - lumacaftor were >10 fold lower than
expected compared to label information. The one-way ANOVA indicated that the patient site had
an effect on Gy Values of ivacaftor metabolites ivacaftor-M1, ivacaftor-M6, and lumacaftor
(0 < 0.001, p < 0.001, and p < 0.001, respectively). The Spearman’s rho test indicated that
patient weight and age have an effect on the Cax Of lumacaftor (o = 0.003 and p < 0.001,
respectively) and ivacaftor metabolite M1 (p = 0.020 and p < 0.001, respectively). Age (o < 0.001)
was found to effect on Co Of ivacaftor M6 and on T4 Of ivacaftor M1 (p = 0.026). A large
impact of patient characteristics on the IV of PK parameters Cax and Tmax, Was observed
among the CF patients.

Conclusion: Understanding the many sources of variability can help reduce this individual
patient variability and ensure consistent patient outcomes.

Keywords: cystic fibrosis, ivacaftor, lumacaftor, drug- drug interactions, cytochrome interactions, pharmacokinetic,
pharmacodynamics
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STUDY SUMMARY:

® What is already known about this subject: The pharmacokinetic
(PK) data available for ivacaftor-lumacaftor cystic fibrosis (CF)
transmembrane conductance regulator (CFTR) modulator drug
combination is limited.

e What this study adds:

o Peak plasma concentrations significantly lower than
expected compared to label information.

o A high variability in ivacaftor-lumacaftor
pharmacokinetics based on e.g. age and weight
was observed.

e Limitations: Small patient collective with a number
of individual variables.

INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive genetic disorder that
affects chloride transport throughout the epithelial cells of the
body, resulting in abnormalities in the respiratory, endocrine,
gastrointestinal, and reproductive systems (Condren and

Variability Under Ivacaftor and Lumacaftor Therapy

Bradshaw, 2013; Tan et al, 2020). The dysfunction of the
cystic fibrosis transmembrane conductance regulator (CFTR)
channel causes dehydration of mucosal surfaces subsequently
increasing viscous mucus that obstructs luminal compartments in
lung, pancreas and intestine (Elborn, 2016; Schneider et al.,
2017a). The discovery and development of CFTR modulators
that directly influence the dysfunctional chloride channel has had
a significant impact on CF treatment world-wide (Ghelani and
Schneider-Futschik, 2019; Schneider-Futschik, 2019; Allobawi
et al, 2020). Ivacaftor-lumacaftor is a fixed-dose tablet
containing a corrector (lumacaftor) and potentiator (ivacaftor)
of the CFTR (Deeks, 2016). Ivacaftor monotherapy is approved
for children 6 more older suffering from gating mutations. While
ivacaftor-lumacaftor therapy is approved for children 2 yr and
older with a homozygous F508del mutation and for patients 6 yr
and older with homozygous F508del mutation or heterozygous
and with one residual function mutation.

The ivacaftor-lumacaftor combination is prescribed as a tablet
(200 mg lumacaftor and 125 mg ivacaftor, Table 1) dosed every
12h. Following its oral administration, both ivacaftor and
lumacaftor are readily absorbed from the gut; however, they
have low solubility in water (<0.05pg/ml). It has been
reported that high fat meals can improve the absorption of

TABLE 1 | ADME profile of ivacaftor and ivacaftor-lumacaftor standard therapy.

Kalydeco

Pharmacokinetics
Description Film-coated tablet: 150 mg
Mean + SD AUC healthy vs
CF after 150 mg

Mean + SD C,ax healthy vs
CF after 150 mg

Steady state reached

10,600 vs 5,260 ng*hr/ml

768 vs 233 ng/ml

3-5 days with accumulation ratio 2.2-2.9
Hallf-life 12-14h

Absorption

Increase in exposure From 25 mg every 12 h to 450 mg every 12 h

Orkambi

After 7 days with accumulation ratio of 1.9

From 25 mg every 12 h to 450 mg every

Lumacaftor Ivacaftor + lumacaftor

200 mg every 12 h lumacaftor with

125 mg every 12 h ivacaftor

198 + 64.8 lumacaftor and 3.66 + 2.25
ivacaftor (ug*h/mi)

25.0 + 7.96 pg/ml lumacaftor

0.602 + 304 pg/ml ivacaftor

7 days (ivacaftor when given with
lumacaftor)

26 h 9 h (ivacaftor when given with lumacaftor)

ivacaftor bioavailability is increased 1.53
fold when given with lumacaftor (in
healthy)

(ivacaftor) 150 mg every 12 h to 250 mg

Increase in exposure

Median (range) tmax
Distribution

Plasma proteins

Volume of distribution

Metabolism

Excretion
Elimination in faeces
Urinary elimination
Terminal half-life
Apparent clearance (CL/F)

Increased 2-4 fold if given with fat containing food

4.0 (3.0; 6.0) h in fed state

99% bound to HSA and AGP

275 mg (in healthy and CF) after single dose; 353 +
122 Lafter 150 mgevery 12 hfor 7 days in healthy

CYP3A4

88% (22% as M1 and 43% as M6)
6.6% (ivacaftor, M1 and M6)
12 h after single dose in fed state

17.3 (£8.4) L/h in healthy subjects at steady state

after 150 mg dose

ADME, absorption, distribution, metabolism and excretion.

12 h and from 50 to 1,000 mg every 24 h
Increased 2 fold if given with fat containing
food

4.0 (2.0; 9.0) in fed state

99%
86.0 + 69.8 L (200 mg lumacaftor every
24 h for 28 days)

Not extensively metabolized

51% unchanged

every 12 h

(ivacaftor)

25.1L + 40.5% of CL/F of ivacaftor when
given with lumacaftor
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both drugs, resulting in increased area under the curve (AUC),
and delayed time to reach peak plasma concentration (Tp.y,
Table 1) (McColley, 2016). Lumacaftor and ivacaftor exhibit a
T max 0f ~3-6 and ~4 h, respectively, (EMA, 2015). The systemic
exposure of lumacaftor is approximately 2-fold higher in healthy
individuals compared to patients with CF (Fohner et al.,, 2017). If
given alone, the half-life of ivacaftor is 12-14 h, while the half-life
of lumacaftor is 26 h (Tables 1 and Supplementary Table 1) and
that of the combination is reduced to 9 h (Fohner et al., 2017).

As a CYP3A4 substrate ivacaftor undergoes extensive liver
metabolism and is, therefore, affected when administered with
CYP3A4 inducers such as lumacaftor (Schneider, 2018).
Furthermore, based on in vitro data lumacaftor and one of the
major metabolites of ivacaftor, ivacaftor-M6 are strong inducers
of CYP3A4, impacting the PK profile of ivacaftor by potentially
reducing ivacaftor concentrations in vivo (Schneider et al., 2016;
Schneider, 2018). Additionally, ivacaftor-lumacaftor induces
several cytochrome P450 enzymes including 3A4, 2B6, 2C9,
2C19, and p-glycoprotein (EMA, 2015; Robertson et al., 2015;
Schneider, 2018). Other factors that are known to cause
variability in response across patients are the concomitant
intake of high fat containing foods as they result in increased
absorption of ivacaftor by ~2.5 to 4-fold.

This paper presents data on the pharmacokinetics (PK) of
ivacaftor-lumacaftor. The objectives of this study were to evaluate
the PK interactions between ivacaftor and lumacaftor and to evaluate
the effects of patient characteristics on their pharmacokinetics. We
observed that patient characteristics such as age and weight resulted
in large IIV in PK among CF patients.

MATERIALS AND METHODS

The study protocol was approved by Monash University Human
Research Ethics Committee (project number 0426) and carried
out in conformity with the declaration of Helsinki (amended
1986).

Patients

35 female and 25 male patients from five different treatment
centers in Melbourne (n = 1), Berlin (n = 8), Innsbruck (n = 9),
Munich (n = 17) and Paris (n = 25): currently taking ivacaftor-
lumacaftor were included in this study after providing written
informed consent. All patients experiencing acute infections or
exacerbations were excluded. Demographic data collected for
these patients included age, gender, and weight. Patients
included did not receive any co-medications and were on
standard high fat diets.

Study Design and Drug Administration

This study was a multiple dose, multi-center, open, observational
trial reflecting a “real-life” clinical scenario. Patients received
ivacaftor-lumacaftor combination administered as an oral tablet
twice daily as a fixed dose combination of 125 mg ivacaftor +
200 mg lumacaftor therapy (Supplementary Table 1). The tablet
was recommended to be taken with a high fat meal to ensure
maximal absorption.

Variability Under Ivacaftor and Lumacaftor Therapy

Blood Sampling

Blood samples (5ml) were collected into Vacutainer tubes
(Becton Dickinson, Rutherford, NJ, United States) containing
ethylene-diamine tetra acetic acid as the anticoagulant. Blood
samples for measurements of ivacaftor-lumacaftor were taken
over the weekly dosing interval immediately before and over a 12-
h interval after administration of ivacaftor-lumacaftor. Blood was
equilibrated at 20°C for 10 min and then centrifuged (1500 x g at
20°C for 10 min) to separate the plasma. The plasma aliquots were
stored at —80°C until analysis.

Drug Analysis

Ivacaftor, its metabolites (ivacaftor-M1 and ivacaftor-M6), and
lumacaftor concentrations in plasma were measured
simultaneously with high-performance liquid chromatography
(HPLC) coupled with mass spectrometry (MS) with u.v. detection
after an ion-pair liquid-liquid extraction (Schneider et al., 2016;
Schneider et al., 2017b; Reyes-Ortega et al., 2020).

Assay Data

The 90% confidence limits around the mean assay biases of
duplicate quality control samples were determined at low,
medium and high concentrations from pooled batches using
the LC/MS. The closeness of agreement between a series of
measurements obtained from multiple sampling of the same
homogeneous sample under the prescribed conditions is
expressed as the precision of the analytical procedure. We
considered precision at three levels: repeatability, intermediate
precision and reproducibility. Herein, the precision of the
analytical procedure is expressed as relative standard deviation
or coefficient of variation of a series of measurements. The
relative standard deviation was calculated by taking the
standard deviation of the sample set multiplied by 100% and
dividing it by the sample set average. The relative standard
deviation is expressed as percent:

%RSD = s/x * 100, where s is the standard deviation and x
is the average of three independent measurements. The
coefficient of variation (CV) acceptable for both ivacaftor
and lumacaftor is a reflection of between-batch precision for
peak response data.

Pharmacokinetic Analysis

PK samples were obtained 4-6h post administration to
characterize C,c and Ty other samples were around 2.5
and 10h time post administration. Plasma samples were
analyzed as previously described to characterize Ivacaftor, its
metabolites M1 and M6 and lumacaftor concentrations
(Schneider et al., 2016; Schneider et al., 2017b).

Statistical Analysis

One-way Analysis of Variance (ANOVA) with Tukey post-hoc
test was preformed to evaluate the effect of categorical
demographic data (sex, site) on PK parameters (C., and
Tonay) of ivacaftor, ivacaftor-M1, ivacaftor-M6, and lumacaftor.
Spearman’s Rho non-parametric test was performed to measure
the strength of the association between the continuous
demographic data (age, weight, and height) and PK
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RESULTS

Patients

A total of sixty Caucasian CF patients (25 male, 35 female) were
recruited. The means + s.d. with (ranges) for patient age and
weight were 21.7 + 7.4years (13-52years), 543 + 9.1kg
(37.3-74.8 kg) as reported in Supplementary Table 2. (Figure 1).

Patient Characteristics

A total of 60 (25 men and 35 women) participated in this study.
Patients recruited at each of the sites were: Melbourne (1), Berlin
(8), Innsbruck (9), Munich (17) and Paris (25) (Supplementary
Table 2). The mean + s.d. age, weight and height of the subjects
were 21.8 + 8.2 years (range, 13-52 years), 54.5 + 9.1 kg (range,
37.3-77.2kg) and 1648 + 9.4cm (range, 148-189.3 cm),
respectively (Supplementary Table 2).

Pharmacokinetic Data
A total of 667 pharmacokinetic samples were obtained from the
60 patients (166 ivacaftor, 169 ivacaftor-M1, 163 ivacaftor-Ms,

and 169 lumacaftor samples). Mean and median plasma PK data
for ivacaftor - lumacaftor are summarized in Supplementary
Table 3 and illustrated in Figure 2. C.,, concentrations of
ivacaftor - lumacaftor were >10 fold lower compared to the
concentrations reported in the drug approval report (EMA,
2015).

Patient Characteristic Effects on

Pharmacokinetics

The one-way ANOVA indicated that the patient site had a
significant effect on the C,,, values of ivacaftor-M1, ivacaftor-
M6, and lumacaftor (p < 0.001, p < 0.001, and p < 0.001,
respectively). Additionally, the site has a significant effect on
T max for ivacaftor-M1 and ivacaftor-M6 metabolites of ivacaftor
(p = 0.001 and p = 0.004, respectively). The Spearman’s rho test
indicated that patient weight and age have a significant effect on
the Cpyax 0f lumacaftor (p = 0.003 and p < 0.001, respectively) and
ivacaftor-M1 (p = 0.020 and p < 0.001, respectively). Age
(p < 0.001) was found to have a significant effect on C,,,x of
ivacaftor-M6 and on T, of ivacaftor M1 (p = 0.026). Patient
characteristics had no significant impact on ivacaftor PK. For
ivacaftor-M1 site, weight and age had an effect on C,y,
respectively (p < 0.001, p = 0.02, p < 0.001) and for site and
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age on Ty.x (p = 0.001, p = 0.026), respectively. For Ivacaftor-M6,
both site and age had an impact on Cp,y (p < 0.001, p < 0.001),
respectively and site had an effect on Ty, (p = 0.004). 4) For
lumacaftor concentrations site, weight and age, had an effect on
Cuax (p <0.001, p = 0.003, p < 0.001), respectively (Figures 2, 3).

DISCUSSION

Drug action is the function of the net absorption, distribution,
metabolism, excretion and interactions with target sites which are
influenced by genetic factors (Dubovsky, 2015). In CF care,
screening for potential drug-drug interactions is of the
paramount importance to identify and potentially substitute
co-medications that alter drug bioavailability via cytochrome
P450 (CYP450) induction or inhibition of CYP450. Clinically
relevant drug interactions are metabolized by CYP450 enzymes
and are divided into families (Condren and Bradshaw, 2013; Tan
etal., 2020; Elborn, 2016), sub-families (A-E) and individual gene
number. Genetic polymorphisms in a given CYP450 gene result
in variations in the enzyme activity leading to poor metabolizers,
extensive metabolizers, or ultra-rapid metabolizers. Furthermore,
induced cytochrome enzyme activity results in enhanced
metabolism of other drug substances, potentially decreasing
exposure and reducing therapeutic efficacy. Ivacaftor, a known

CYP3A4 substrate, undergoes extensive liver metabolism, and
concentrations are likely to be affected when administered
concurrently with CYP3A4 inducers (EMA, 2015; VERTEX,
2015). In a recent in vitro study, we have reported strong
CYP3A4 induction of lumacaftor (Schneider, 2018). These
findings together with the data from the EMEA report
between lumacaftor and ivacaftor could be at play, wherein
the former induces the metabolism of the latter, effectively
reducing its effective plasma concentration (EMA, 2015;
Schneider, 2018). Ivacaftor is metabolized in the liver by
cytochromes CYP3A4 and -A5 with main metabolites
produced by oxidation [hydroxymethyl-ivacaftor (ivacaftor-
M1) and ivacaftor-carboxylate (ivacaftor-M6)] (Condren and
Bradshaw, 2013). Elimination of ivacaftor and metabolites
ivacaftor-M1 and ivacaftor-M6 occurs predominantly through
the bile (Table 1) (Wainwright, 2014). Lumacaftor is not heavily
metabolized with the majority being excreted unchanged in the
faeces (EMA, 2015; Sponsor, 2015). Further metabolising enzyme
interactions have been reported for ivacaftor including on
sensitive  substrates of CYP-3A4, -2C8, -2D6 and
P-glycoprotein (Robertson et al, 2015). Hence, careful
monitoring is recommended when ivacaftor is co-administered
with substrates of CYP2C9, CYP3A, and/or P-glycoprotein,
particularly drugs with a narrow therapeutic index (Robertson
et al., 2015; Paulin and Schneider-Futschik, 2020).
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Combination therapy of CFTR potentiator and -corrector
combinations has progressively transformed quality of life for
the majority of patients. Current CFTR combination treatment is
selected based on the CFTR mutation e.g. ivacaftor-lumacaftor
combination for F508del CFTR mutations. However, clinical
relevance of CYP polymorphisms related to dose, effectiveness
and/or toxicity are key issues when prescribing other drugs like
warfarin, tricyclic antidepressants or proton pump inhibitors.
Despite a large number of poor and non-responders under
ivacaftor-lumacaftor therapy genomic profiling including
cytochrome profiling is not yet considered standard of care
(Figure 4, Supplementary Figure 1).

There is an urgent need for well-designed clinical studies
aimed at collecting the necessary data to perform population
PK analysis in patients undergoing ivacaftor-lumacaftor therapy
once they attained steady-state concentrations. The objective of
our study was to assess the impact of patient characteristics on the
PK of ivacaftor-lumacaftor following multiple doses administered
to patients with CF at five different treatment sites. The regimen
of 125 mg ivacaftor + 200 mg lumacaftor twice daily is the
standard maintenance dose for the treatment of CF (with half-
live of 12-13 h for ivacaftor alone; 26 h for lumacaftor alone and
9 h for the combination). Sample collection was performed after
patients were on the medication for adequate time to ensure that
near steady-state concentrations for both drugs was achieved. We

observed that the patient site had a significant effect on the C,.«
values of ivacaftor-M1, ivacaftor-M6, and lumacaftor as well as
on Ty, for the ivacaftor-M1 and ivacaftor-M6. Bioavailability
and absorption of ivacaftor are positively correlated with high-fat
containing foods (EMA, 2015). A limitation of our study was that
the dietary intake of patients at the different sites based on
culturally or other choices could not be monitored and could
have influenced the absorption of ivacaftor-lumacaftor.
Furthermore, we observed that patient weight and age have a
significant effect on the C,,, of lumacaftor and ivacaftor-M1. In
particular, age was found to have a significant effect on Cp,,x of
ivacaftor-M6 and on T, of ivacaftor-M1.

The steady-state exposure of ivacaftor was lower than that seen
following one day of therapy and this could be likely due to the
CYP3A induction effect of lumacaftor. We observed that C,,,«
concentrations of ivacaftor-lumacaftor were >10 fold lower than
the values reported in the approval report [9]. Our findings are in
line with the respective biomarker study by Masson et al. (2019)
(Masson et al., 2019). The authors investigated the biomarker
profile and PK/pharmacodynamics (PD) on ivacaftor-lumacaftor
in 41 French patients utilizing potential screening tools for
predicting PK/PD and patient outcomes utilizing CF
biomarkers such as sweat chloride, B-adrenergic peak sweat,
lung function (percentage predicted FEV1 [ppFEV1] and
residual volume) and CFTR activity. A 5% improvement in
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FEV1 after 6 months of ivacaftor-lumacaftor therapy was
determined as the clinical response threshold. The authors
found that only 15 patients had an increase in ppFEV1 of at
least 5% (average improvement 13.5% [2.1]; p < 0.0001) and were
classified as responders; however a majority of patients had a
pPFEV1 below 5% and were classified as non-responders (n = 21,
average change of ~1% [0.8]; NS). Taken together, reliable in vivo
biomarkers which predict non-, poor and normal responders for
ivacaftor-lumacaftor therapy are urgently required, emphasizing
the importance of comprehensive genetic and pharmacogenomic
studies in patients using CFTR modulators.

Further patient factors that influence patient outcome in
clinical practice ranging from PK/PD parameters to
concomitant medications or diets. A decrease in bioavailability
or reduction in protein binding from displacement interactions is
known to be able to produce decreases in total exposure with no
changes in half-life (MacKichan, 1989). In a study looking at
human liver microsomes Robertson et al (2015) reported the
potential of ivacaftor to inhibit p-glycoprotein (pgp) (Robertson
et al., 2015). Inhibition of intestinal pgp is known to decrease
systemic bioavailable of drugs (Seden et al., 2010; Dubovsky,
2015). As most CF patients receive pancreatic supplementation
with meals, fat malabsorption is also a potential factor that could
affect the absorption of lipophilic drugs such as ivacaftor.

Based on the complicated PK/PD and drug-drug interaction
issues and our data presented in this study we hypothesise whether
a personalized approach combining the identification of CFTR
mutations with PK/PD and cytochrome identification studies
before initiating CFIR modulators. Personalized medicine
approaches and personalized biomarker identification have
successfully been applied in other disease models including
anaplastic lymphoma kinase biomarker for lung cancer (Cutter
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and Liu, 2012) or pharmacogenomic approaches in multiple
sclerosis (Zhou et al, 2019). Carefully constructed PK/PD
models  together ~ with  biomarker identification and
pharmacogenomic profiling for CF are becoming more and
more indispensable for various reasons: Firstly, by anticipating
how a subset of patients e.g. CFTR mutation and cytochrome
status, might react to CFTR modulator treatment, better clinical
trials stratifying the patient subset, can be designed to evaluate
patient outcomes. Secondly, these models can be used to investigate
a number of co-variates including age, weight or gender. An
additional difficulty with CF disease is that with more than
2,000 different disease-causing mutations, clinical manifestations
vary (pancreatic insufficiency, liver impairment, CF-related
diabetes) which can complicate the interpretation of scientific
and clinical results (Supplementary Figure 1) (Paulin and
Schneider-Futschik, 2020). Factors that can influence patient
specific outcomes in CF range from patient specific genetic
backgrounds (CFTR mutations, CYP metabolism), inter-patient
variables (age, BMI, weight, gender) or others including disease
severity and co-morbidities (Supplementary Figure 1). Another
unique and non-invasive tool to explore inter-individual
pharmacokinetic variability is exhaled breath metabolomics.
Nuclear magnetic resonance-based metabolomics of exhaled
breath condensate which has successfully been employed to
recognize biomarkers of respiratory diseases such as asthma or
chronic obstructive pulmonary disease could furthermore
contribute to the individual tailoring of treatment for CF
(Montuschi et al, 2014; Montuschi et al, 2018). In order to
illustrate a personalized medicine approach, clinical and genetic
biomarkers need to be identified and PK/PD model that express the
dynamic behaviour of the CFTR drug effect need to be developed
in patients that are classified as non-/poor and normal responders
(Figure 4). In a second step, the relationship between the plasma
concentration of a given drug, its corresponding clinical effect and
reliable biomarkers need to be identified. When investigating the
effect of covariates by stratifying based on current data available
taking a personalised approach based on mutation-specific
modulator treatment e.g. F508del in combination with
determining the cytochrome profile e.g rapid CYP3A4
metaboliser of each patient is best to be employed. Despite the
added cost of these pharmacogenomic tests, unwanted drug-drug
interactions due to polypharmacy in the CF population will be
minimised. Similarly, the implementation of stem cell and
organoid models can pave the way to validate novel surrogate
biomarkers of clinical response for CFTR modulators as currently
employed in the Netherlands.

Given the genetic and clinical heterogeneity in CF patients
developing PK/PD models including comprehensive genetic
markers can be utilized as a benchmark to ensure accurate
prediction of biomarkers that account for inter-patient variability,
higher drug efficacy and minimal adverse effects. To demonstrate the
true clinical benefit of genotyping (and not just CFTR mutation
identification) for predicting treatment responses for patients under
CFTR modulator treatment, it would be necessary to conduct
prospective comparisons of different treatments chosen by
genotype; which has not been done yet (treatment is chosen
based on only the mutation e.g. ivacaftor-lumacaftor for F508del
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CFTR). Funding sufficiently powered controlled studies of
combining genotyping with CFITR mutations and clinical
biomarkers is likely to be a challenge.

CONCLUSION

In summary, lumacaftor had variable effects on ivacaftor
pharmacokinetics including reducing steady-state
concentrations. Significant weight and age effects were
observed under standard ivacaftor-lumacaftor therapy. Future
studies to include both more patients as well as genotyping/PK/
PD approaches are warranted to determine if lumacaftor also has
variable effects on the PK of ivacaftor.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Monash University Human Research Ethics
Committee. 0426. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

PH, GR, and ES-F were involved in the conception and design;
PH, IS-G, MG, MK, CS, JW, HE, MT, TV, GR, and ES-F were
involved in the analysis and interpretation of the data and the

REFERENCES

Condren, M. E., and Bradshaw, M. D. (2013). Ivacaftor: a Novel Gene-Based
Therapeutic Approach for Cystic Fibrosis. J. Pediatr. Pharmacol. Ther. 18 (1),
8-13. doi:10.5863/1551-6776-18.1.8

Cutter, G. R,, and Liu, Y. (2012). Personalized Medicine: The Return of the
House Call?. Neurol. Clin. Pract. 2 (4), 343-351. doi:10.1212/cpj.
0b013e318278¢328

Deeks, E. D. (2016). Lumacaftor/Ivacaftor: A Review in Cystic Fibrosis. Drugs 76
(12), 1191-1201. doi:10.1007/s40265-016-0611-2

Dubovsky, S. L. (2015). The Usefulness of Genotyping Cytochrome P450 Enzymes
in the Treatment of Depression. Expert Opin. Drug Metab. Toxicol. 11 (3),
369-379. doi:10.1517/17425255.2015.998996

Elborn, J. S. (2016). Cystic Fibrosis. The Lancet 388 (10059), 2519-2531. doi:10.
1016/s0140-6736(16)00576-6

EMA (2015). Assessment Report ORKAMBI (Ivacaftor/lumacaftor) European Medicines
agency EMEA/H/C/003954/0000. Available at: https://www.ema.europa.eu/en/
documents/assessment-report/orkambi-epar-public-assessment-report_en.pdf.

Fohner, A. E., McDonagh, E. M., Clancy, J. P., Whirl Carrillo, M., Altman,
R. B., and Klein, T. E. (2017). PharmGKB Summary. Pharmacogenetics
and genomics 27 (1), 39-42. d0i:10.1097/fpc.0000000000000246

Ghelani, D. P., and Schneider-Futschik, E. K. (2019). Emerging Cystic Fibrosis
Transmembrane Conductance Regulator Modulators as New Drugs for

Variability Under Ivacaftor and Lumacaftor Therapy

drafting of the paper or revising it critically for intellectual
content; GR and EKS-F are responsible for the final approval
of the version to be published. All authors agree to be accountable
for all aspects of the work.

FUNDING

ES-F supported by a research grant (APP1157287) from The
University of Melbourne and the Australian National Health and
Medical Research Council (NHMRC) as Biomedical Research
Fellow. Portions of this work were supported by the Peter Phelan
grant from the Thoracic Society of Australia and New Zealand.
The content is solely the responsibility of the authors and does
not necessarily represent the official views of the Australian
National Health and Medical Research Council.

ACKNOWLEDGMENTS

We want to thank the patients who donated their time and
contributed to our study and Joseph Pelle (HMST Lab, Monash
Institute of Pharmaceutical Sciences) for his help with the mass
spectrometer. Parts of this work were scheduled as oral
presentations at the TSANZ ASM 2020 (Melbourne, Australia)
and ECFS 2020 (Lyon, France). Both conferences were cancelled
due to COVID-19 and only the respective abstracts published
online (Hanafin et al.,, 2020a; Hanafin et al., 2020b).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.577263/
full#supplementary-material

Cystic Fibrosis: A Portrait of In Vitro Pharmacology and Clinical
Translation. ACS Pharmacol. Transl Sci. 3 (1), 4-10. doi:10.1021/
acsptsci.9b00060

Hanafin, P., Rao, G. G., and Schneider-Futschik, E. (2020). WS19.3 Bidirectional
Pharmacokinetic Interactions between Ivacaftor and Lumacaftor. J. Cyst Fibros
19, S32. doi:10.1016/S1569-1993(20)30266-6

Hanafin, P., Sermet-Gaudelus, I, Griese, M., Kappler, M., Ellemunter, H., Schwarz,
C., etal. (2020). Insights into the Pharmacokinetic Interactions between Ivacaftor
and Lumacaftor in Cystic Fibrosis.

MacKichan, J. J. (1989). Protein Binding Drug Displacement Interactions. Clin.
Pharmacokinet. 16 (2), 65-73. doi:10.2165/00003088-198916020-00001

Masson, A., Schneider-Futschik, E. K., Baatallah, N., Nguyen-Khoa, T,
Girodon, E., Hatton, A., et al. (2019). Predictive Factors for Lumacaftor/
ivacaftor Clinical Response. J. Cystic Fibrosis 18 (3), 368-374. d0i:10.1016/j.
jcf.2018.12.011

McColley, S. A. (2016). A Safety Evaluation of Ivacaftor for the Treatment of Cystic
Fibrosis. Expert Opin. Drug Saf. 15 (5), 709-715. doi:10.1517/14740338.2016.
1165666

Montuschi, P., Lucidi, V., Paris, D., Montemitro, E., Shohreh, R., Mores, N.,
et al. (2018). Metabolomic Analysis by Nuclear Magnetic Resonance
Spectroscopy as a New Approach to Understanding Inflammation and
Monitoring of Pharmacological Therapy in Children and Young Adults
with Cystic Fibrosis. Front. Pharmacol. 9, 595. doi:10.3389/fphar.2018.
00595

Frontiers in Pharmacology | www.frontiersin.org

August 2021 | Volume 12 | Article 577263


https://www.frontiersin.org/articles/10.3389/fphar.2021.577263/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.577263/full#supplementary-material
https://doi.org/10.5863/1551-6776-18.1.8
https://doi.org/10.1212/cpj.0b013e318278c328
https://doi.org/10.1212/cpj.0b013e318278c328
https://doi.org/10.1007/s40265-016-0611-2
https://doi.org/10.1517/17425255.2015.998996
https://doi.org/10.1016/s0140-6736(16)00576-6
https://doi.org/10.1016/s0140-6736(16)00576-6
https://www.ema.europa.eu/en/documents/assessment-report/orkambi-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/orkambi-epar-public-assessment-report_en.pdf
https://doi.org/10.1097/fpc.0000000000000246
https://doi.org/10.1021/acsptsci.9b00060
https://doi.org/10.1021/acsptsci.9b00060
https://doi.org/10.1016/S1569-1993(20)30266-6
https://doi.org/10.2165/00003088-198916020-00001
https://doi.org/10.1016/j.jcf.2018.12.011
https://doi.org/10.1016/j.jcf.2018.12.011
https://doi.org/10.1517/14740338.2016.1165666
https://doi.org/10.1517/14740338.2016.1165666
https://doi.org/10.3389/fphar.2018.00595
https://doi.org/10.3389/fphar.2018.00595
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Hanafin et al.

Montuschi, P., Paris, D., Montella, S., Melck, D., Mirra, V., Santini, G., et al. (2014).
Nuclear Magnetic Resonance-Based Metabolomics Discriminates Primary
Ciliary Dyskinesia from Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 190
(2), 229-233. doi:10.1164/rccm.201402-0249le

Paulin, O., and Schneider-Futschik, E. (2020). Treatment Challenges Associated
with Drug-Drug Interactions in Cystic Fibrosis. ECFS Book.

Robertson, S. M., Luo, X., Dubey, N,, Li, C., Chavan, A. B., Gilmartin, G. S., et al.
(2015). Clinical Drug-Drug Interaction Assessment of Ivacaftor as a Potential
Inhibitor of Cytochrome P450 and P-Glycoprotein. J. Clin. Pharmacol. 55 (1),
56-62. doi:10.1002/jcph.377

Schneider, E. K., Reyes-Ortega, F., Li, J., and Velkov, T. (2017). Optimized LC-MS/
MS Method for the High-Throughput Analysis of Clinical Samples of Ivacaftor,
its Major Metabolites and Lumacaftor in Biological Fluids of Cystic Fibrosis
Patients. JoVE 128, 56084. doi:10.3791/56084

Schneider, E. K. (2018). Cytochrome P450 3A4 Induction: Lumacaftor versus
Ivacaftor Potentially Resulting in Significantly Reduced Plasma
Concentration of Ivacaftor. Dml 12 (1), 71-74. doi:10.2174/
1872312812666180328105259

Schneider, E. K., Reyes-Ortega, F., Wilson, ]. W., Kotsimbos, T., Keating, D, Li, J.,
et al. (2016). Development of HPLC and LC-MS/MS Methods for the Analysis
of Ivacaftor, its Major Metabolites and Lumacaftor in Plasma and Sputum of
Cystic Fibrosis Patients Treated with ORKAMBI or KALYDECO.
J. Chromatogr. B 1038, 57-62. doi:10.1016/j.jchromb.2016.10.026

Schneider, E., Reyes-Ortega, F., Li, J., and Velkov, T. (2017). Can Cystic Fibrosis
Patients Finally Catch a Breath with Lumacaftor/Ivacaftor?. Clin. Pharmacol.
Ther. 101 (1), 130-141. doi:10.1002/cpt.548

Schneider-Futschik, E. K. (2019). Beyond Cystic Fibrosis Transmembrane
Conductance Regulator Therapy: A Perspective on Gene Therapy and Small
Molecule Treatment for Cystic Fibrosis. Gene Ther. 26 (9), 354-362. doi:10.
1038/s41434-019-0092-5

Seden, K., Dickinson, L., Khoo, S., and Back, D. (2010). Grapefruit-Drug
Interactions. Drugs 70 (18), 2373-2407. doi:10.2165/11585250-000000000-
00000

Sponsor, F. D. A. (2015). “Briefing Document: ORKAMBI (Lumacaftor/Ivacaftor) for
the Treatment of Cystic Fibrosis in Patients Age 12 Years and Older Who are
Homozygous for the F508del Mutation in the CFTR Gene,” in Commitee FACBMV-
FP-Ada (Boston, MA: VERTEX Pharmaceuticals Incorporated), 98.

Tan, M. Reyes-Ortega, F,, and Schneider-Futschik, E. K. (2020). Successes and
Challenges: Inhaled Treatment Approaches Using Magnetic Nanoparticles in
Cystic Fibrosis. Magnetochemistry 6 (2), 25. doi:10.3390/magnetochemistry6020025

VERTEX (2015). Highlights of Prescribing Information ORKAMBI Tablets for Oral
Use. Vertex prescribing infomation.

Variability Under Ivacaftor and Lumacaftor Therapy

Wainwright, C. E. (2014). Ivacaftor for Patients with Cystic Fibrosis. Expert Rev.
Respir. Med. 8 (5), 533-538. doi:10.1586/17476348.2014.951333

Zhou, Y., Claflin, S. B., Stankovich, J., van der Mei, I, Simpson, S., Jr., Roxburgh, R.
H., et al. (2019). Redefining the Multiple Sclerosis Severity Score (MSSS): The
Effect of Sex and Onset Phenotype. Mult. Scler. 26 (13), 1765-1774. doi:10.
1177/1352458519881994

Allobawi, R., Ghelani, D. P., and Schneider-Futschik, E. (2020). Metabolomic
Description of Ivacaftor Elevating Polymyxin B Mediated Antibacterial Activity
in Cystic Fibrosis Pseudomonas aeruginosa. ACS Pharmacol. Transl. Sci. 3 (3),
433-443. doi:10.1021/acsptsci.0c00030

Reyes-Ortega, F., Qiu, F., and Schneider-Futschik, E. (2020). Multiple Reaction
Monitoring Mass Spectrometry for the Drug Monitoring of Ivacaftor,
Tezacaftor, and Elexacaftor Treatment Response in Cystic Fibrosis: A High-
Throughput Method. ACS Pharmacol. Transl. Sci. 3 (5), 987-996. doi:10.1021/
acsptsci.0c00103

Conflict of Interest: HE reports personal fees from Vertex Pharmaceuticals,
outside the submitted work; JW: Funding of clinical trials and consultancy
from Vertex Pharmaceuticals Inc. and Vertex Pharmaceuticals Pty Ltd
Australia. MG reports non-financial support from Vertex Corporated, outside
the submitted work; IS-G. PI of vertex studies and have participated to scientific
advisory boards.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hanafin, Sermet-Gaudelus, Griese, Kappler, Ellemunter,
Schwarz, Wilson, Tan, Velkov, Rao and Schneider-Futschik. This is an open-
access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

August 2021 | Volume 12 | Article 577263


https://doi.org/10.1164/rccm.201402-0249le
https://doi.org/10.1002/jcph.377
https://doi.org/10.3791/56084
https://doi.org/10.2174/1872312812666180328105259
https://doi.org/10.2174/1872312812666180328105259
https://doi.org/10.1016/j.jchromb.2016.10.026
https://doi.org/10.1002/cpt.548
https://doi.org/10.1038/s41434-019-0092-5
https://doi.org/10.1038/s41434-019-0092-5
https://doi.org/10.2165/11585250-000000000-00000
https://doi.org/10.2165/11585250-000000000-00000
https://doi.org/10.3390/magnetochemistry6020025
https://doi.org/10.1586/17476348.2014.951333
https://doi.org/10.1177/1352458519881994
https://doi.org/10.1177/1352458519881994
https://doi.org/10.1021/acsptsci.0c00030
https://doi.org/10.1021/acsptsci.0c00103
https://doi.org/10.1021/acsptsci.0c00103
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Insights Into Patient Variability During Ivacaftor-Lumacaftor Therapy in Cystic Fibrosis
	Study summary:
	Introduction
	Materials and Methods
	Patients
	Study Design and Drug Administration
	Blood Sampling
	Drug Analysis
	Assay Data
	Pharmacokinetic Analysis
	Statistical Analysis

	Results
	Patients
	Patient Characteristics
	Pharmacokinetic Data
	Patient Characteristic Effects on Pharmacokinetics

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


