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Abstract

Background: Esophagitis is prevalent in patients with esophageal dysmotility despite acid
suppression, likely related to poor esophageal clearance. Esophageal atresia (EA) is a classic
model of dysmotility where this observation holds true. In adult non-dysmotility populations,
failure of esophagitis to respond to proton pump inhibitors (PPI) has been linked to variants
in CYP2C19that influence the activity of the encoded enzyme. It is unknown if CYP2C19
metabolizer phenotype contributes to PPI-refractory, non-allergic esophagitis in EA.

Methods: We performed a cross-sectional study of 314 children with (A= 188) and without
(V= 126) EA who were on PPI therapy at the time of endoscopy to evaluate for possible
gastroesophageal reflux disease. Patients with eosinophilic esophagitis and/or fundoplication were
excluded. Clinical and histology data were collected. Genomic DNA from biopsy samples was
genotyped for polymorphisms in CYP2C19.

Results: CYP2C19 metabolizer phenotypes were not associated with presence or severity of
esophagitis (P=0.994). In a multivariate logistic regression adjusted for potential confounders,
EA was the strongest and only significant predictor of esophagitis (odds ratio 2.72, £=0.023).
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Using negative binomial regression, we found that CYP2C19 phenotype was not a significant
predictor of eosinophil count in children with PPI-refractory esophagitis.

Conclusions: Patients with EA are significantly more likely to experience PPI-refractory, non-
allergic esophagitis than controls regardless of CYP2C19 metabolizer phenotype, suggesting that
factors other than CYP2C19genetics, including dysmotility, are the primary drivers of esophagitis
in EA. CYP2C19 genotype failed to predict PPI-refractory, non-allergic esophagitis in both EA
and non-EA children.
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1| INTRODUCTION

Esophagitis is highly prevalent among patients with esophageal atresia (EA) despite
widespread use of acid-suppressive medications.1 Esophagitis in EA has been attributed
to increased rates of gastroesophageal reflux disease (GERD), eosinophilic esophagitis, and
dysmotility; however, the relative importance of each of these potential mechanisms is
unclear.

In non-EA populations, failure of reflux esophagitis to respond to proton pump inhibitors
(PPI) has been linked to variants in CYP2C19, which encodes the CYP2C19 enzyme that
is primarily responsible for metabolizing PPI. For example, CYP2C19 rapid metabolizers
(ie, with lower circulating PPI) have increased esophageal acid exposure times (pH <4 time
5.7% vs 2.7%),° increased GERD symptom recurrence,® and decreased response to PPIs for
healing erosive reflux esophagitis in adult populations.”8 There have been no studies of the
role of CYP2C19 metabolizer phenotype in patients at highest risk for esophagitis: patients
with esophageal dysmotility. One model of significant esophageal dysmotility is EA, an
ideal model to determine the relative impact of PPl pharmacogenetics and dysmotility.
This understanding is important to understand if genetic testing is an important test in the
algorithm for persistent esophagitis in these patients.

Esophageal motility is near universally compromised in EA patients and has been associated
with esophagitis and Barrett’s esophagus;2 multiple manometry and impedance studies in
patients with EA have found abnormal patterns of low amplitude peristalsis and impaired
bolus transit in 80%-100% of patients.?-12

The relative importance of dysmotility versus CYP2C19 metabolizer phenotype in EA is
unclear. We hypothesized that dysmotility, rather than genetic variants in CYP2C19, is the
primary driver of PPI-refractory non-allergic esophagitis in EA. In this case—control study
of 314 patients with (/= 188) and without (V= 126) EA, we aimed to characterize
CYP2C19 metabolizer phenotype to determine if they are associated with non-allergic
PPI-refractory esophagitis in EA. As a secondary aim, because of the high eosinophil counts
sometimes seen in EA, we examined STA76rs324011 genotype as a possible confounder,
as homozygosity for this variant is known to associate with elevated eosinophil counts in
allergic-eosinophilia.13-15
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2| METHODS

This study was approved by the Boston Children’s Hospital institutional review board. Two
patient cohorts were included in this study: 188 patients with EA and 126 control patients
(Figure 1). Control patients were recruited prospectively as part of a large study to assess for
risk factors for the development of esophagitis in children. Surveys of symptom frequency at
the time of study enrollment and the PedsQL were collected and assessed (Data S1).16 All
control patients recruited to the larger study were included in the CYP2C19study except: (1)
those with eosinophilic esophagitis (EoE; defined below); (2) those who had their endoscopy
performed off of acid suppression; and (3) those with a history of prior fundoplication.

All EA patients who underwent routine surveillance endoscopy with biopsy between 2016
and 2018 at Boston Children’s Hospital were included, except those who met the same
exclusion criteria (1)-(3) as above. In our routine clinical practice, children with repaired EA
undergo surveillance endoscopy to detect esophagitis and other long-term complications of
esophageal atresia every 1-3 years, regardless of the presence or absence of symptoms.1’
Medical record review was performed to identify clinical patient characteristics including
demographic information; symptoms at time of endoscopy; acid-suppressive medication
type, dosing, and frequency at the time of endoscopy; presence and characteristics of

the esophagitis by histopathology; endoscopy reports of gross esophageal findings; and
radiologic diagnostic evaluation reports. Erosive esophagitis was defined as gross erosive
disease in the esophagus meeting the criteria for the Los Angeles classification grades
A-D.18

Patients with a diagnosis of allergic EoE and/or fundoplication at the time of endoscopy
with biopsy were excluded from both the EA cases and non-EA controls. To define which
patients were excluded, we defined EoE as peak eosinophil count = 15 eosinophils/hpf
accompanied by symptoms of esophageal dysfunction, plus either suggestive gross
endoscopic findings (furrows, rings, exudates) and/or suggestive atopic or family history that
resulted in EoE directed treatment and response. Having eosinophil counts greater than 15
per hpf alone was not an automatic exclusion, as severe reflux-associated esophagitis may
produce this histologic finding.19 In addition, we genotyped the STAT6rs324011 variant
as a possible confounder, as this variant is known to associate with PPI-refractory EoE.20
The primary outcome measure was the difference in distribution of CYP2C19 metabolizer
phenotypes between EA and non-EA groups, stratified by the degree of inflammation (0
eosinophils, 1-15 eosinophils, and >15 eosinophils per hpf). Secondary outcomes were the
impact of PPI genetics on erosive esophagitis and esophageal stricture formation.

2.1| Genotyping

Genomic DNA was isolated from formalin-fixed paraffin-embedded (FFPE) sections of
esophageal biopsy tissue.> SNPs were interrogated by TagMan fluorescent assay using a
ViiA7 real-time polymerase chain reaction instrument (Applied Biosystems, Foster City,
CA). Genotypes were called automatically by the ViiA7 software and were confirmed
manually. The SNPs interrogated and assays used were as follows: CYP2C19: loss of
function variant *2, rs4244285, C_25986767_70; loss of function variant *3, rs4986893,
C_27861809_10; gain of function variant *17 rs12248560, C__469857_10; STAT®.
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rs324011, C__ 620399 _10. The STAT6rs324011 SNP was sequenced as this variant has
been most strongly tied to EoE.20 Genotypes for all SNPs were confirmed to be in Hardy—
Weinberg equilibrium within the complete study population using the R statistical package
Hardy—Weinberg.?1

CYP2C19diplotypes were assigned to predicted metabolizer phenotypes as follows: ultra-
rapid metabolizer (UM; *17/*17), rapid metabolizer (RM; *1/*17), normal metabolizer
(NM; *1/*1), intermediate metabolizer (IM; *1/*2, *1/*3), or poor PPl metabolizer (PM;
*2[*2, *2[*3, *3/*3).22 As discussed in depth elsewhere, rapid and ultra-rapid metabolizers
generally achieve lower PPI blood levels, clear PPI faster, and experience shorter periods
of acid suppression compared to normal metabolizers; intermediate and poor metabolizers
achieve higher PPI blood levels and longer periods of acid suppression compared to normal
metabolizers.2?

Statistical analysis

Continuous data are presented as median and interquartile range (IQR) and categorical data
are presented as frequency and percentage. Univariate comparisons were performed using
Fisher’s exact test or the Wilcoxon rank-sum test. Multivariable logistic regression analysis
was used to determine adjusted associations between outcome and predictor variables,

with results reported using adjusted odds ratios (OR) with corresponding 95% confidence
intervals and Pvalues. Collinear terms were identified among PPI variables to avoid
multicollinearity in regression modeling. Statistical analyses were performed using Stata
(version 16.0, StataCorp LLC., College Station, Texas). A two-tailed statistical significance
threshold of A<0.05 was implemented.

Based on our prior studies, we found the incidence of poor metabolizers was 3% in patients
requiring antireflux surgery versus 21% in patients who did not require surgery. Assuming
this same difference—that patients with persistent esophagitis (a population similar to those
requiring antireflux surgery) would have a 3% incidence of PM genotype compared to 21%
of patients without esophagitis (a population similar to those who did not require antireflux
surgery)—we calculated that we would need a sample size of 48 patients in each group to
provide 80% power, assuming a 5% type | error rate.

3| RESULTS

Baseline clinical characteristics and presenting symptoms at time of endoscopy of EA cases
and non-EA controls are provided in Table 1. Symptoms prompting endoscopy in control
patients are additionally enumerated in Data S1 and are reflected by mean PedsQL total
score of 79.2 + 16.0, which is well above previously published cutoffs for impaired quality
of life.23 Similarly, most EA patients (77%) were symptomatic at time of endoscopy (Table
1). Presenting symptoms at time of endoscopy differed significantly between the groups with
EA cases more likely to have respiratory symptoms or frequent respiratory infections, likely
due to the high prevalence of concurrent tracheomalacia and aspiration in EA.

Neurogastroenterol Motil. Author manuscript; available in PMC 2023 June 28.
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Esophagitis characteristics

Rates of esophagitis are shown in Table 1. Among patients with = 15 eosinophils/hpf,
median worst eosinophil counts in the esophagus were 36.5 eosinophils/hpf (IQR 20-50) in
the EA group versus 25 eosinophils/hpf (IQR 20-35.3) in the control group (P= 0.441). To
support that our chosen outcome measure of histologic esophagitis = 15 eosinophils/hpf was
related to GERD rather than EoE, we performed S7A76rs324011 variant genotyping. While
homozygosity for STAT6rs324011 is known to associate with allergy-mediated eosinophilia
in EoE,15 we found no association between peak eosinophil counts = 15 eosinophils/hpf and
STAT6 15324011 genotype (P = 0.260) suggesting that allergy-mediated eosinophilia is not a
significant confounder in this cohort. Furthermore, the geographic distribution of esophageal
eosinophil counts was evaluated and was significantly higher in distal compared to proximal
biopsy specimens supporting our hypothesis of significant reflux in this population (Figure
S2, P<0.001).

Patients with EA received higher doses of PPIs compared to controls (Table 1, 1.54 vs 0.97
mg/kg/day, £< 0.001), were more likely to receive twice-daily dosing compared to once-
daily dosing (69% vs 48%, P < 0.001), and were more likely to be treated with concurrent
H2 receptor antagonist (H2RA; 33% vs 5%; P < 0.001). Despite more aggressive acid
suppression, children with EA were significantly more likely to have erosive esophagitis
(6.9% vs 0%, P< 0.001) and more likely to have significant histologic esophagitis (=15
eos/hpf, 17% vs 7.8%, £=0.027) than controls.

CYP2C19 metabolizer phenotypes

To understand the mechanism behind differential rates of esophagitis, we then compared the
distribution of CYP2C19 metabolizer phenotypes between EA cases and non-EA controls
(Table 1; P=0.258). Distributions of CYP2C19 metabolizer phenotypes and STAT6
genotypes were similar among patients with varying levels of histologic inflammation
(Figure 2a, P=0.994; Figure 3a, A= 0.490, respectively).

When performing a subgroup analysis of CYP2C19 metabolizer phenotypes in just the EA
patients (/= 188), eosinophil/hpf counts did not significantly differ between CYP2C19
metabolizer phenotypes or STAT6 variant genotype by Kruskal-Wallis testing (= 0.930
and P=0.714, respectively). There was no significant difference in the distribution of
CYP2C19 metabolizer phenotypes between EA patients with any type of esophagitis and
those with no inflammation (Figure 2b; £=0.970). Similarly, STAT6 variant homozygosity
was not significantly more common in EA patients with erosive disease or histologic
inflammation compared to no inflammation (Figure 3b; 2= 0.370). There was no
association between stricture formation and CYP2C19 metabolizer phenotype (P> 0.49).

Similar to the EA patients, when performing a subgroup analysis of CYP2C19 metabolizer
phenotypes in just the control patients (A=126), eosinophil/hpf count did not significantly
differ between CYP2C19 metabolizer phenotypes or STAT6 genotypes (£=0.765 and P

= 0.316, respectively). Distributions of CYP2C19 phenotypes (Figure 2c; = 0.974) and
STAT6 variant homozygosity (Figure 3c, 2= 0.988) were similar between control patients
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with histologic esophagitis versus control patients with no inflammation. No patients in the
control group had stricture that required dilation or erosive esophagitis.

Gastric dysmotility

Gastric factors such as delayed gastric emptying may contribute to esophageal reflux burden.
Nine of 126 control children (7%) and 18 of 188 EA patients (9.6%) underwent gastric
emptying studies within 6 months of their included study EGD. Of these children with
gastric emptying studies, 2/9 control patients (22%) and 6/18 EA patients (33%) had
delayed gastric emptying. There was no significant difference in rates of delayed gastric
emptying between the control and EA cohorts (P = 0.6758); there was a trend toward but

no statistically significant association between delayed gastric emptying and esophagitis >15
eosinophils/hpf (P= 0.0646).

Multivariate predictors of esophagitis

In a multivariate logistic regression, EA was the strongest and only statistically significant
predictor of esophagitis (Table 2; odds ratio (OR) 2.72, £=0.023). Additional analysis was
performed with a negative binomial regression using peak eosinophil count as a continuous
outcome, and similarly found that EA was the strongest predictor of esophagitis (coefficient
1.22, P<0.001) while pharmacogenetics remained not significant (Data S3). Regardless

of how the metabolizers were grouped (PM vs IM vs NM vs RM vs UM; IM/PM vs
NM/RM/UM; IM/PM vs NM vs RM/UM; NM/IM/PM vs RM/UM), there was no difference
in metabolizer phenotype and the presence of esophagitis (£> 0.40). A subgroup analysis of
individuals who were not homozygous for the STA76rs324011 variant (N = 277) found that
EA remained the strongest predictor of esophagitis, achieving strong statistical significance
in the negative binomial regression model (Data S4; coefficient 1.23, A= 0.001).

When performing multivariate logistic regression within the subgroup of patients with

EA, neither intensity of acid suppression, type of acid suppression, CYP2C19 phenotype
nor STAT6 genotype was significantly associated with histologic esophagitis, erosive
esophagitis, or presence of stricture requiring dilation at the time of endoscopy with biopsies
by multivariate logistic regression analyses (Data S5).

When performing multivariate logistic regression within control patients, there was no
significant relationship between CYP2C19 metabolizer phenotype and histologic esophagitis
in multivariate analyses (Data S6).

DISCUSSION

Despite the importance of CYP2C19genotype in achieving sufficient PPI levels to
effectively treat GERD and reflux esophagitis in adult patients, we failed to observe

a significant impact of CYP2C19 metabolizer phenotype on microscopic or erosive
esophagitis in this study in children. Instead, esophageal atresia was the strongest and only
statistically significant predictor of esophagitis in this large pediatric cross-sectional, case—
control study of esophageal biopsies obtained on PPI therapy.

Neurogastroenterol Motil. Author manuscript; available in PMC 2023 June 28.
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Given that EoE was an exclusion criteria, we hypothesized that dysmaotility with poor
clearance is a major contributor to this persistent, PPI-refractory esophagitis. There are two
disease models of dysmotility similar to EA which support this hypothesis: scleroderma and
endoscopically treated achalasia. In both of these diseases, high dose acid suppression is
frequently needed for symptom control, and while microscopic esophagitis is not reported
in adult studies, gross esophagitis often persists.24 For example, one study of 53 adult
patients with scleroderma found that erosive esophagitis was present in 60% and did not
correlate with acid suppression treatment; all patients with erosive esophagitis had absent
distal esophageal peristalsis by manometry, while no patients with normal manometry

had erosive esophagitis.?®> Similarly, of 43 peroral endoscopy myotomy (POEM)-treated
achalasia patients with erosive esophagitis, persistent erosive esophagitis was seen in 18.6%
of patients on PP1.26 Another study of 231 post-POEM achalasia patients found erosive
esophagitis in 74% of patients taking PPIs at the time of endoscopy.2” While it is clear that
esophagitis is highly prevalent in these populations, and in our EA population, this is the
first study to look at PPI metabolizer status in any dysmotility population, pediatric, or adult.

A meta-analysis of 19 adult studies (V= 1112 patients) identified that odds of PPI-refractory
reflux esophagitis were significantly greater among rapid metabolizers compared to poor
metabolizers (OR 1.661, 95% CI 1.023-2.659, 2= 0.040).8 While there have been no

prior studies of CYP2C19genotype and reflux esophagitis in children, a study of 74
children who underwent pH-impedance studies showed that CYP2C19 rapid metabolizers
had significantly longer acid exposure times in the esophagus (pH < 4 time: 5.7% vs
2.7%).2 In another retrospective case—control study among 34 children with medically
refractory GERD defined by pH probe despite PPI therapy, carriage of CYP2C19*17

allele corresponding to the UM and RM phenotypes was associated with antireflux surgery
compared to controls (OR 9.78, Cl 1.25-76.55, P< 0.03).28 Our study is the first study

of CYP2C19genotype in children examining reflux esophagitis, and the only study in
patients with dysmotility. Despite our large study size, we failed to find a significant
relationship between CYP2C19 metabolizer phenotype and esophagitis in EA as well as
non-EA controls. Rapid PPl metabolizers were not more common among patients with
esophagitis in this large pediatric study. While it is possible we may be underpowered to
detect such an association, it is also possible that the CYP2C19 genotype is less relevant for
reflux esophagitis outcomes in pediatric patients in the setting of more frequent (eg, BID)
and/or higher PPI dosing (1-2 mg/kg/day) routinely used in children compared to adults.’

The widespread practice of long-term acid suppression of children with EA stems in

part from the assumption that stasis of acid is primarily responsible for esophagitis

and its complications like Barrett’s esophagus, and that treatment with PPI should be
expected to prevent and treat these issues. We have shown in a separate study that acid
suppression is associated with less esophagitis in EA, but we have previously shown
and again demonstrate here that acid suppression in standard doses (1-3 mg/kg/day) does
not uniformly prevent esophagitis. While higher dosing or divided dosing of PPI has
been shown to successfully achieve sufficient plasma levels of PPI to effectively suppress
acid and treat acid-related disorders in patients without esophageal dysmotility,” higher
dosing and greater frequency was not linked to reduced esophagitis in EA suggesting that
different therapies to address stasis and prolonged esophageal exposure such as motility

Neurogastroenterol Motil. Author manuscript; available in PMC 2023 June 28.
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medications or coating agents may need to be added. Rational reflux management strategies
are particularly important in EA and dysmotility patients who may be at greater risk for

pulmonary complications, independently of the risk of PPl-associated respiratory infections.
17,29

To better understand the relative importance of acid suppression and dysmotility in
esophagitis, we intentionally excluded children with diagnoses of EoE from this study.

The development of EoE and its response to PPI treatment is linked to STAT76, a
transcription factor which has been extensively linked to a variety of allergic disorders'3
including eosinophilic esophagitis.14-30-33 STAT6 drives allergic eosinophilic inflammation
in the esophagus#31-33 and has been tied to likelihood of PPI response in EoE20

as PPIs have been shown to block STAT6-mediated recruitment of eosinophils to the
esophagus.14:33 Furthermore, STAT6-mediated eotaxin-3 levels differentiate between GERD
and EoE.3% We genotyped our study cohort for STAT6rs324011 to support that our lack of
CYP2C19association with esophagitis was not because PPI-treated patients with EOE were
erroneously classified as non-EoE. We found that pro-allergic STAT76 variant homozygosity
was not enriched among patients with high eosinophil counts, supporting our belief that

we generally accurately excluded EoE patients. Even excluding those few included patients
with STAT6 variant homozygosity, EA remained the strongest predictor of esophagitis. We
found no association between CYP2C19or STAT6 genotype and esophagitis in this large
non-allergic pediatric cohort. Our study again raises the idea that patients with dysmaotility
may need to have a different standard for the diagnosis of EOE and that many patients

have peptic disease with high eosinophil counts. To rationally treat EA-related esophagitis,
additional studies are needed to define peptic disease in patients with dysmaotility.

While this is a large study of CPY2C19 pharmacogenetics, it is possible that the study was
underpowered to find difference in metabolizer status. However, if there is an effect, it is
likely to be small given the sample size. Another possible limitation is physician practice
such that PPI dosing may not be representative of other centers. However, we think this is
also unlikely given that the dosing range used in this study was the same as that reported

in the NASPGHAN GERD guidelines.3# While histologic esophagitis defined solely by
eosinophil count does not capture additional described histologic markers of esophagitis
such as basal cell hyperplasia and papillary elongation, our institutional pathology practice is
to not report these measures in clinical pathology reports, making these findings impossible
for us to report in this study. These features are not routinely reported by our pathology
group because they depend heavily on esophageal specimen orientation3°-37 and have

been described to have lower interobserver reproducibility than eosinophil count, neutrophil
count, and erosions (64-74% versus 83-97%).38

Presence of hiatal hernias was unfortunately not recorded reliably for the control group,
limiting our ability to make any adjustments for this potential confounder. A final limitation
is the lack of correlated pH-impedance or formal motility testing in these patients to confirm
the severity of dysmotility. Again, however, we know from numerous studies from EA
patients that dysmotility is universally present making this less relevant.29-12:39-41

Neurogastroenterol Motil. Author manuscript; available in PMC 2023 June 28.
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In summary, while CYP2C19 genotype has explained variability in PPI response in adult
non-dysmotility acid-related disorders, EA-related esophagitis cannot be explained by
variations in PPl metabolizer status and occurs despite aggressive acid suppression. PPI
therapy alone may be insufficient to treat EA-associated esophagitis, as dysmotility is
likely a critical factor in the development of esophagitis in EA. More broadly, while PPI
metabolizer status has been linked to esophagitis outcomes in adults, CYP2C19 genotype
failed to explain PPI-refractory esophagitis in children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Hpf high powered field

IM intermediate metabolizer

NM normal metabolizer

PM poor metabolizer

PPI proton pump inhibitor

RM rapid metabolizer

UM ultra-rapid metabolizer
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