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A B S T R A C T

Asthma causes enormous suffering and cost for children in the US and around the world [1–3]. Co-morbid gastroesophageal reflux disease (GERD) makes asthma
management more difficult due to increased symptoms. Proton pump inhibitor (PPI) drugs are effective at improving to GERD symptoms, however they have
demonstrated only modest and variable effects on asthma control in the setting of co-morbid GERD. Importantly, PPI metabolism and efficacy depend on CYP2C19
genotype. The Genotype Tailored Treatment of Symptomatic Acid Reflux in Children with Uncontrolled Asthma (GenARA) study is a randomized, double-blind,
placebo-controlled trial to determine if genotype-tailored PPI dosing improves asthma symptoms among children with inadequately controlled asthma and GERD
symptoms. This study has an innovative design to both assess the efficacy of genotype-tailored PPI dosing and perform pharmacokinetic modeling of the oral PPI
Lansoprazole. Children ages 6–17 years old with clinician-diagnosed asthma and mild GERD symptoms will submit a saliva sample for CYP2C19 genotyping.
Participants will undergo a two-step randomization to: (1) genotype-tailored versus conventional dosing of open-label oral lansoprazole for pharmacokinetic
modeling, and (2) genotype-tailored lansoprazole daily versus placebo for 24 weeks to determine the effect of genotype-tailored PPI dosing on asthma control.
Measures of asthma control, spirometry, and nasal washes during acute illnesses will be collected at 8-week intervals throughout the study. GenARA will better define
the effects of CYP2C19 genotype on the dose response of lansoprazole in children and adolescents and assess if a novel dosing regimen improves GERD and asthma
control.

1. Introduction

Asthma remains difficult to control in many patients particularly
children with co-morbid conditions such as obesity and gastro-
esophageal reflux disease. Year after year, asthma is a leading cause of
pediatric urgent care visits, ED visits, hospitalizations, and ICU ad-
missions [4]. Asthma also causes chronic symptoms that do not always
lead to healthcare utilization but cause diminished quality of life with
reduced sleep quality, missed school days, and reduced extracurricular
participation. Personalized approaches tailored to at-risk, high mor-
bidity groups hold promise for improving asthma care. Decades of data
resulting from animal models [5–8], epidemiologic studies [9,10],
human esophageal acid instillation studies [11–17], pH probe asthma
symptom correspondence studies [18], and surgical fundoplication
follow-up studies [19–22] all suggest that GERD contributes to poor
asthma control. Past trials studying the effect of proton pump inhibitors

on asthma symptoms in children have shown inconsistent results
(Table 1). The current literature suggests that anti-GERD medications
do not consistently improve asthma outcomes in a diverse cohort of
patients with GERD symptoms. Partial or inconsistent response from a
drug that is known to have variable clearance within the population (as
is the case with PPIs) is consistent with a pharmacogenetic effect.

PPIs inhibit gastric H+/K+ ATPase (the final effector in the acid
secretion pathway of gastric parietal cells) and are a first-line for
therapy of GERD. Most PPIs are metabolized primarily by the CYP2C19
hepatic enzyme. The CYP2C19 gene is highly polymorphic so the me-
tabolism and pharmacokinetics of PPIs is variable [30–35]. Depending
on the CYP2C19 diplotype, individuals can be classified as poor meta-
bolizers (PM), normal metabolizers (NM), intermediate metabolizers
(IM), extensive metabolizers (EM), or ultra-rapid metabolizers (UM)
(Table 2) [36]. Little to no PK research among CYP2C19 metabolizer
phenotypes has been conducted in children. Currently PPI dosing for
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children is largely extrapolated from adult findings which is a major
health and safety concern.

Therefore, the GenARA study was designed as a randomized,
double-blind, placebo-controlled 24week intervention study to de-
termine if genotype-tailored PPI dosing improves asthma symptoms
among children with inadequately controlled asthma and recent evi-
dence of mild GERD symptoms. GenARA will measure change in the
‘Juniper’ Asthma Control Questionnaire (ACQ) as the primary outcome,
while evaluating asthma and GERD control and lansoprazole safety and
pharmacokinetics [37].

1.1. Study design

The GenARA study is a multi-center controlled, 24-week parallel
group interventional trial involving 64 children with asthma and GERD
symptoms randomized to either genotype-tailored lansoprazole or
placebo (Table 3). The study was reviewed by the Thrasher Research
Fund, the Food and Drug Administration (IND 130170), and by the
Institutional Review Boards at all participating sites.

1.2. Study population

GenARA selection criteria were established to study children with
inadequately controlled asthma and mild GERD-related symptoms.

Criteria for enrollment – inclusion:

• Age: 6–17 year olds with documented clinician-diagnosed asthma.

• Evidence of recent uncontrolled asthma (must meet at least one of
the following): (1) ACQ > 1.2; (2) Use of short-acting beta-agonist
for asthma symptoms twice/week or more on average over the past
month; (3) Nocturnal awakenings with asthma symptoms more than
once per week on average over the last month; or (4) Two or more
emergency department visits, unscheduled provider visits, pre-
dnisone courses or hospitalizations for asthma in the past
12months.

• Currently on stable dose of daily inhaled corticosteroid medication
for asthma control equivalent to 88 μg of fluticasone or greater for at
least 6 weeks from the time of enrollment. Participant must be on
National Asthma Education and Prevention Program (NAEPP) con-
troller step 2, 3, 4 or 5 [38].

• Currently with mild GERD symptoms reported at visit 1 defined by a
score on the Pediatric GERD Symptom Assessment Score> 15
and< 80 [39]. GSAS ranges from 0 to 490 with a higher score re-
presenting worse GERD symptoms.

Criteria for enrollment – exclusion: Participants could not be taking
or have any of the following: daily CYP2C19 substrates, inducers, or
inhibitors medication; past or current history of severe GERD or related
disorders (erosive esophagitis, peptic ulcer disease, eosinophilic eso-
phagitis) which in the opinion of the pediatric gastroenterology safety
specialist/study physician requires treatment with acid-blocking agents
(since participant may receive placebo); daily use of a PPI for> 4
consecutive weeks in the past 6months; previous intubation for asthma;
admission to intensive care unit for> 24 h for asthma in the past year;
previous surgery involving the esophagus or stomach (anti-reflux sur-
gery, peptic ulcer surgery, trache-esophageal fistula repair); forced
expiratory volume in 1 s (FEV1)<60% of predicted at enrollment; any
major chronic illness that would interfere with participation in the in-
tervention or completion of the study procedures; history of phenylk-
etonuria; medication use: treatment of GERD symptoms with over-the-
counter antacids 4 days/week or more on average over past month;
theophylline preparations, azoles, anti-coagulants, insulin for Type I
diabetes, digitalis, oral iron supplements when administered for iron
deficiency within 1month; any investigational drugs within the past
2months; drug allergies: previous allergic reaction from lansoprazole or
other proton pump inhibitor medication or adverse reaction toTa
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aspartame; inability to complete baseline measurements in a satisfac-
tory manner according to the judgment of the research coordinator or
site PI;< 75% completion of daily diary for asthma symptoms, SABA
use and ICS medication adherence during the run-in period; plan for
family to move from study location within the next 6months.

1.3. Study medication and dosing

Participants eligible for randomization will be administered an open
label dose of either conventional or genotype-tailored lansoprazole at
visit 2 for pharmacokinetic analysis. Participants will then be subse-
quently randomized to either genotype-tailored lansoprazole (geno-
type-tailored dosing as in Table 4) or placebo. Placebo includes an
equal volume of the liquid suspension sweetener that has a similar taste
and consistency. Both active commercially-available lansoprazole and

placebo liquid is manufactured and supplied by Cutis Pharma, Inc.
(Wilmington, MA).

1.4. Randomization procedure

Eligible participants will be monitored for 10–17 days after
screening and prior to randomization (run-in period) to assess asthma
and GERD severity and diary card adherence. Participants will undergo
a two-step randomization process. First, participants will be given a
single oral dose of lansoprazole which will be randomly assigned as
either conventionally-dosed lansoprazole or dosing according to
Table 4 (genotype-tailored dosing). Second, they will be randomized for
the 24-week intervention period to either genotype-tailored PPI dosing
or matched placebo. Randomization for the 24-week intervention will
be in a 1:1 ratio and stratified by site. Neither participants nor the re-
search staff will be informed of the treatment group assignment to
maintain the double-mask.

1.5. Safety monitoring

Lansoprazole is commercially available and is generally well-toler-
ated. Side effects will be assessed at 4 clinic visits and 3 telephone visits
during the trial (Fig. 1). For patients with mild GERD and some per-
sisting degree of asthma symptoms, there exists reasonable equipoise
regarding the role of long-term PPI use, and thus use of a placebo-
control with safety monitoring in place is justifiable. All participants
regardless of randomization will receive education about diet and
lifestyle modifications to reduce GERD as outlined in the patient
handout: GERD in Children and Adolescents, published jointly by two
expert organizations [40]. All subjects will continue on their previously
prescribed asthma control regimen. During the study, participants can
seek care from their pre-specified asthma physician. The study PI is also
available for asthma problems and other clinical care questions. Pre-
specified threshold criteria for starting oral steroids for an asthma

Table 2
Definition of CYP2C19 metabolizer phenotype.

Allele1 Genotype Allele activity Metabolizer phenotype Frequency (pan-ethnic cohort) [33]

*1/*1 Wild type (WT) 2 active alleles Normal 41%
Metabolizer (NM)

*1/*n Heterozygous WT 1 active allele Intermediate 21%
1 inactive allele Metabolizer (IM)

*2/*2 or *n/*n Homozygous mutant 2 inactive alleles Poor 3%
Metabolizer (PM)

*1/*17 Heterozygous WT 1 active allele Extensive 24%
1 increased activity allele Metabolizer (EM)

*17/*17 Homozygous mutant 2 increased activity alleles Ultrarapid 4%
Metabolizer (UM)

*2/*17 Heterozygous mutant 1 inactive allele Normal metabolizer (NM) 6%
1 increased activity allele

1 - *2, *3, *8, or *9 refer to loss-of-function (inactive) alleles; n – refers to any of the loss-of-function alleles.

Table 3
Schedule for collection of response data.

Visit V1 V2 V3 V4 V5

Time (weeks) 0 2 10 18 26
Consent/Assent X
Screening X
Baseline hx X
Saliva for genotyping X
Asthma and GERD counseling X X
PK X
Diary Card X X X X X
Health history X X X X
Med adherence X X X
Spirometry X X X X X
Asthma questionnaires X X X X X
GSAS X X X X
Adverse event screening X X X X X
Pregnancy testing X X X X X
Nasal samples X X X X

PK – pharmacokinetic testing, GSAS – GERD Symptom Assessment Score.

Table 4
Genotype-tailored dosing adjustments.

Phenotype Daily dosing by weight

% change from conventional < 30 kg ≥30 kg

UM 100% ↑ 30mg (10ml) 60mg (20ml)
EM 50% ↑ 22.5 mg (7.5 ml) 45mg (15ml)
NM 0% 15mg (5ml) 30mg (10ml)
IM 30% ↓ 10.5 mg (3.5 ml) 21mg (7ml)
PM 60% ↓ 6mg (2ml) 12mg (4ml)

UM – ultra rapid metabolizer, EM – extensive metabolizer, NM – normal me-
tabolizer, IM – intermediate metabolizer, PM – poor metabolizer.
Table adapted from Lima [35].

Fig. 1. Study schema. PK – pharmacokinetic samples drawn at 2 and 5 h after a
single open label oral dose, V – visit, Wk – week.
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exacerbation are also in place consistent with past NIH-funded pediatric
asthma trials [41].

1.6. Data collection and study visits

Trained research staff will determine eligibility using a baseline
medical history, anthropometrics, pulmonary function/lung respon-
siveness testing, asthma symptom questionnaires, and pregnancy
testing (females) at visit 1. Guardians will sign informed consent
documents. Participants will start on a monitored 2-week run-in period.
If participants are adherent to diary cards, they meet eligibility for
randomization at visit 2.< 75% completion of daily diary for asthma
symptoms, SABA use, and ICS medication adherence during the run-in
period prompts an extension of the run-in for an additional 1–2weeks
at the discretion of the investigator. The timing and details of data
collection are in Table 3. The screening visit (V1) includes informed
consent, instructions regarding study format and testing per Table 3.
Saliva collection for genotyping will be performed to identify meta-
bolizer phenotype for each participant. Visit 1 also signifies the start of
the run-in period. At visit 1, staff will review the participant's asthma
action plan. Participants will be given daily diary cards to document
study drug adherence, asthma symptoms, asthma medication use, and
asthma-related healthcare contact. At the randomization visit (V2),
participants will return diary cards, have nasal blow training and col-
lection, and undergo eligibility for randomization. They will be given
an open label dose of lansoprazole for pharmacokinetic analysis. After
24 weeks of intervention, participants return their daily diary cards at
termination visit (V5) and had testing performed per Table 3. They will
receive an exit letter detailing their genotype and counseling informa-
tion regarding asthma and GERD.

1.7. Outcome measures

1.7.1. Asthma symptom scoring
Change in the ‘Juniper’ Asthma Control Questionnaire (ACQ) is the

primary outcome. This measure has been used in many well-designed
multi-center asthma trials with children [29,42]. The ACQ ranges from
0 to 6 (higher values indicate worse asthma control) with a change of
0.5 reflecting a clinically meaningful difference in asthma control and
considers a broad set of control indicators including use of bronchodi-
lators, cough, nocturnal symptoms, level of activity, and pulmonary
function. At all visits we will also perform the Asthma Symptom Utility
Index (ASUI) [43]. We will compute rate and prevalence of asthma
symptom exacerbations for both treatment groups.

1.7.2. Lung function
We will use an approved spirometric system appropriately cali-

brated and procedures conducted per American Thoracic Society stan-
dards [44]. Outcomes include forced vital capacity (FVC), forced ex-
piratory volume 1 s (FEV1), and FEV1/FVC. Raw data and percent
predicted values will be recorded and based on accepted normative
data.

1.7.3. GERD symptom scoring
Change in the Pediatric GERD Symptom Assessment Questionnaire

(GSAS) will be measured. This is a 10-item tool that has been validated
in children in the assessment of gastroesophageal reflux disease related
symptoms such as chest, abdominal pain, pain, choking with eating,
swallowing dysfunction, regurgitation and nausea [27]. The GSAS
ranges from 0 to 490 and a score≥ 15 reflects significant GERD
symptoms. A value of 80 will be used as a maximum cut-off for mild
symptoms as this was 2 SD from the mean GSAS for children without
baseline GERD [29,45].

1.7.4. Pharmacokinetics
1.7.4.1. Quantification of lansoprazole and its main metabolites in

plasma. Concentrations for lansoprazole and metabolites will be
quantified using liquid chromatography/mass spectroscopy as
described [46,47]. This method is more sensitive than high
performance liquid chromatography for metabolites requiring less
plasma or blood.

1.7.4.2. PK modeling. To characterize the impact of genetic
polymorphisms on the dose-concentration response relationship of
lansoprazole, we developed a physiologically-based pharmacokinetic
(PBPK) model that integrates information on the drug's physiochemical
properties (e.g. molecular weight, logP, pKa, and pH-deependent
solubility), human anatomy and physiology. This PBPK model was
developed based on available literature data and used prospectively in
sensitivity analyses which showed that peak plasma concentrations is
approximately 2 h and shifts later at higher gastric pH. Based on this
preliminary analysis, blood will be drawn at 2 and 5 h post open-label
genotype-tailored dosing. Using population PK-PD techniques, we will
compute the area under the curve of all participants. We will perform
an efficacy analysis to develop a pediatric population PK/PD model,
which will establish a relationship between dosing conventions and
plasma concentrations of lansoprazole by metabolizer phenotype.
Plasma concentrations will also be compared to change in GERD
symptoms. This model will be developed and qualified in three steps
as outlined below.

A. Exploratory analysis of PK and GERD symptom score data
An exploratory analysis will be performed to determine the re-
lationship between lansoprazole PK and GERD scores, to identify
potential outliers, and to explore the impact of genetic polymorph-
isms in CYP2C19 and changes in GERD symptoms.

B. Development of a population pharmacokinetic (pop-PK) model
A non-linear mixed effects modeling approach will be performed in
NONMEM (v7.2 or higher) to determine the structural model that
adequately describes the PK of lansoprazole and allows for the es-
timation of respective model parameters. Once an appropriate
structural model has been selected, the variance structure of the
model will be informed using pooled data from the intensive and
sparse sampling periods of this study. The significance of covariates,
particularly of genetic polymorphisms in CYP2C19, will be assessed
using an automated stepwise covariate model building method. This
method involves a forward selection and backward elimination of
covariates in which one model for each relevant parameter-cov-
ariate relationship is prepared and tested in a univariate manner.
Statistical criterion such as a p-value< .01 (objective function value
(OFV); ΔOFV of 6.64 for 1 degree of freedom assuming a chi-squared
distribution) for the forward selection and a p-value< .001 (ΔOFV
of 10.83 for 1 degree of freedom assuming a chi-squared distribu-
tion) for the backward elimination will be used to indicate relations
that are of interest for inclusion. The drop in OFV will be used to
rank the covariate with the most important parameter-covariate
relationship. The model with the largest drop in OFV will be used to
include the covariate with the largest parameter-covariate re-
lationship into the model. Goodness-of-fit and appropriateness of
the final model from the SCM will be assessed by diagnostic plots,
physiological meaningfulness of the obtained parameter estimates,
visual predictive checks, and non-parametric bootstraps.

C. Development of a population PK/PD model: Various empirical po-
pulation PK/PD models have been reported for other PPIs in adults
but none in children [48,49]. A population PK/PD model for the
efficacy of lansoprazole in children will be established by linking the
pop-PK model developed in (b) to an appropriate PD model. In order
to identify an appropriate PD model, Emax, sigmoidal Emax and
indirect response will be explored and the best model selected based
on standard goodness-of-fit plots, reduction in OFV and visual pre-
dictive checks [50]. In addition, age-dependent changes in synthesis
rates of proton pumps as well as circadian rhythms related to gastric
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acid secretions and food effects will be considered during model
development [14].

1.7.5. Respiratory tract sampling
The ‘nasal blow’ collection technique has been previously validated

within the AsthmaNet consortium [51]. Parents will be trained at visit 2
to identify early respiratory infection symptoms and to collect and store
nasal wash samples. Multiplex PCR analysis will be performed for 22
relevant respiratory viral and bacterial pathogens (see Table 5) using
TaqMan assays validated by the CDC [52]. Inflammatory mechanisms
will be assessed through type I interferon (IFN-α, IFN-β), IL-8, and
leptin levels in nasal wash samples.

1.8. Oversight of the study

The GenARA study was initiated at Duke Children's Hospital and
was expanded to the Nemours Children's Health System, Jacksonville,
Florida. A data and safety monitoring board was created to monitor for
safety and data integrity and met yearly. An investigational new drug
application was submitted under the section 505 (i) of the Federal Food,
Drug, and Cosmetic Act for the genotype-tailored lansoprazole inter-
vention and granted 4/29/16 (IND130170).

1.9. Data management

Study data were collected and managed using the Research
Electronic Data Capture (REDCap) electronic data capture system and
tools, hosted by collaborators within the Duke Clinical Research
Institute. REDCap was chosen because it is a secure, web-based appli-
cation designed to support data capture for research studies, providing:
1) an intuitive interface for validated data entry; 2) audit trails for
tracking data manipulation and export procedures; 3) automated export
procedures for seamless data downloads to common statistical
packages; and 4) procedures for importing data from external sources.

1.10. Analysis

1.10.1. Sample size calculation
We determined that 64 participants will need to be randomized

according to a 1:1 allocation ratio, with a goal of 32 receiving genotype-
tailored lansoprazole and 32 receiving placebo. Power estimation for
the effect of lansoprazole on ACQ change from baseline was performed
using a two-sided t-test with an error rate of 0.05. Based on preliminary
data from this patient population, we anticipated the mean ACQ at
entry will be 1.2 with a standard deviation of 0.7 and aimed to detect an
ACQ change of 0.5 [45]. We assumed 20% attrition with a final goal of
50 participants completing intervention to achieve a power of 93.4%.
We also had> 90% power to detect a 50% difference between groups
in respiratory infections and 66% difference to detect a 5% difference in
FEV1. Due to the low assumed background rate of 1 exacerbation/year,
we were not powered at 80% to detect a difference in asthma

exacerbations.

1.10.2. Data analysis
We assumed an intention-to-treat approach. When the trial ends, we

will use a two sample t-test and ANCOVA to determine whether the
change in ACQ from the randomization to termination visit differs be-
tween treatment groups, (α=0.05). Other secondary outcomes that
are continuous numeric variables will be analyzed similarly. For count
data (asthma exacerbations, episode of poor and respiratory tract in-
fections), we will employ Poisson regression analysis. The statistical
package SAS 9.4 (SAS Institute Inc., Cary, NC) will be used. All tests
were two-tailed at a level of significance of 0.05.

2. Discussion

The GenARA study aims to determine if genotype-tailored dosing of
lansoprazole in children with inadequately controlled asthma leads to
improved asthma control. Considering the frequent prescription of PPIs
in patients with asthma, understanding the relationship between gen-
otype-tailored dosing and asthma control is crucial to determine its
efficacy and safety.

Prior studies from both adults and children demonstrate that the
efficacy of PPIs to treat GERD and related conditions are closely linked
to plasma concentrations. Numerous studies in adults have shown that
CYP2C19 variants markedly influence the PK and PD of PPI
[30,32,34,53–56]. Patients needing acid-suppression who are EM or
UM have higher treatment failure rates compared to NM when given
conventional dosing [32,55,57]. H. pylori cure rates are significantly
higher among PM compared to EM [31,58] and higher doses of PPI are
required to eradicate H. pylori in EM [58,59]. Recent studies in children
have also demonstrated the importance of CYP2C19 variants [60–62].
The clearance of pantoprazole was estimated in pediatric patients from
birth to 16 years and was 60% lower in PMs compared to EMs [63]. Our
group compared drug levels following a single dose of conventionally
dosed lansoprazole with CYP2C19 genotype/metabolizer phenotype in
56 children with GERD and found a direct relationship between
CYP2C19 diplotype and lansoprazole concentration [64]. We also re-
cently found that EM children on conventional PPI dosing and under-
going esophageal pH probe testing had inadequate acid blockade
compared to NM+PM. In addition, our group recently assessed all
children who failed PPI therapy and subsequently underwent surgical
gastric fundoplication who also had available endoscopic tissue samples
for DNA genotyping. The children who failed PPI and required fundo-
plication were significantly more likely to have the EM phenotype
compared to controls [4]. Significantly fewer children failing PPI and
needing fundoplication had the PM phenotype compared to controls.
Collectively, these data support our hypothesis that EM and UM chil-
dren are being underdosed on conventional PPI dosing and will benefit
from a higher (genotype-tailored) dose of PPI to achieve optimal anti-
secretory response.

In addition, treatment with PPI have consistently been associated
with a number of adverse side-effects including C. dificile colitis
[65–67] and respiratory infections [67–70]. Our group showed that PPI
use at conventional doses for 6months in asthmatic children without
significant GERD at baseline was associated with significantly greater
sinusitis, strep throat and URI [29]. In a subsequent genetic sub-study,
we showed that participants with IM or PM had significantly higher
lansoprazole levels compared to NM and were significantly more likely
to suffer respiratory adverse events related to URI and strep/sore throat
[64]. These same PM participants developed worse asthma controlled
(triggered by URI) compared to NM after 4months on conventional PPI
dosing [71]. Conventional dosing of PPI in these IM and PM patients is
likely to improve GERD symptoms at the cost of greater risk of URIs.
Since URIs are the most common trigger for loss of asthma control in
children, conventional dosing may not ultimately not help asthma
control due to greater URIs. Instead, we propose that these IM or PM

Table 5
Pathogens to be interrogated in respiratory samples.

M. catarrhalis Adenovirus

S. aureus Enterovirus
K. pneumoniae Rhinovirus
C. pneumoniae Parainfluenza virus 4
M. pneumoniae Parainfluenza virus 3
S. pneumoniae Parainfluenza virus 2
H. influenza Parainfluenza virus 1
P. aeruginosa Respiratory syncytial virus
Bocavirus Human metapnuemovirus
Human coronavirus 1/2 Influenza B
Human coronavirus 3/4 Influenza A
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patients could be given a genotype-tailored dose providing normal
serum concentrations and improved GERD symptoms with the risk of
excess URI. We will collect nasal wash samples from participants with
URIs to microbiologically confirm URI.

These results will have broad applicability because patients pos-
sessing significant CYP2C19 variants are a sizeable segment of the po-
pulation. In fact, only about 40% of the population has the NM phe-
notype while IM/PM, EM and UM phenotypes make up 24%, 24% and
4% of the population, respectively [36].

Loss of function alleles (*n= loss of function allele, e.g. CYP2C19
SNPs: *2 rs4244285; *3 rs4986893; *8 rs41291556l *9 rs17884712)
reduce drug clearance and increase area under the curve (AUC).
CYP2C19*17 is a gain of function allele that increases drug clearance.
Our prior PK data in children support the use of five distinct meta-
bolizer phenotypes which warrant distinct dosing adjustments from the
conventional two-tiered dosing. We have developed an evidenced-
based dosing algorithm tailored to Extensive (EM), Ultra-rapid (UM),
Intermediate (IM) and Poor metabolizers (PM) that is based on pedia-
tric PK principles after analyzing the limited extant pediatric data.
These estimates are also in agreement with that proposed by Furuta
[57], but are as yet untested in children.

Innovative clinical trial design has been important to combat the
lack of pediatric studies and the challenges therein. Our study was
designed with a two-step randomization to study both pharmacoki-
netics and efficacy. Participants will be randomized to: (1) open label
conventional or genotype-tailored lansoprazole for PK analysis then (2)
genotype-tailored lansoprazole or placebo intervention. The part 2
randomization will not be stratified based on results of the part 1
randomization because we felt the impact on change in ACQ at
6months would be minimal, though it is theoretically possible. To
characterize the effect of PPI on asthma, we also made specific choices
to safely and specifically measure efficacy. Lansoprazole has been ap-
proved by the FDA down to age 12months for the indications GERD,
duodenal ulcers, H. pylori eradication, benign gastric ulcer, NSAID-as-
sociated gastric ulcer, eosinophilic esophagitis, and pathological hy-
persecretory conditions. It has been used in> 10,000 patients in phase
II and III clinical trials involving varying doses and durations and have
been found to be well-tolerated in both short-term and long-term trials.
Rarely (~1% of cases) patients have reported diarrhea, constipation,
abdominal pain, and nausea with use of lansoprazole. The current FDA
label for lansoprazole states that PPI therapy may be associated with
increased risk for C. difficile associated diarrhea. Long term and mul-
tiple daily dose PPI therapy may be associated with an increase risk of
osteoporosis-related fractures of the hip, wrist, or spine, and hypo-
magnesemia rarely. To include only ‘mild’ GERD, we chose to exclude
children at enrollment with a GSAS> 80. Previous studies in our pa-
tient population have shown that children without diagnosed GERD
had a GSAS score ranging from 0 to 276 with a mean (SD)=18.6
(29.5) [45]. This threshold was chosen as it was 2 SD above the mean
GSAS for a group of children without reported GERD at baseline [29].
We selected the ACQ as our primary outcome because: (1) it is a sen-
sitive measure of asthma control, (2) it is validated for children and
adults in Spanish and English, and (3) its simplicity.

In summary, we have developed an innovative clinical trial to assess
the efficacy of genotype-tailored PPI dosing for the treatment of
asthma. This study will benefit children with both GERD and asthma in
the future through better understanding of dose response and char-
acterization of the safety profile of lansoprazole. This trial design may
be applicable to other clinical trials as the discovery of pharmacoge-
nomics for other therapies and the need for pediatric pharmacokinetic
studies continues to grow. If results from the GenARA study can show
that genotype-tailored dosing is more efficacious and safer for children
with asthma, the future treatment of children with asthma and GERD
will be greatly improved.
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