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Abstract: Proton pump inhibitors (PPIs) are commonly used medications to treat acid-related conditions, including gastro-esophageal
reflux disease (GERD). Gastroenterology guidelines mention the importance of CYP2C19 in PPI metabolism and the influence of
CYP2C19 genetic variations on variable responses to PPIs, but do not currently recommend the genotyping of CYP2C19 prior to
prescribing PPIs. There are strong data to support the influence of CYP2C19 genetic variations on the pharmacokinetics of PPIs and
clinical outcomes. Existing pharmacogenetic guideline recommendations for dose increases focus on H. pylori and erosive esophagitis
indications, but PPIs are also the main therapy for treating GERD. Recent data suggest GERD patients being treated with a PPI may
also benefit from genotype-guided dosing. We summarize the literature supporting this contention and highlight future directions for
improved management of patients with GERD through precision medicine approaches.
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Introduction

The burden of gastroesophageal reflux disease (GERD) imposed on the US health care system is quite significant. More
than 4.3 million outpatient office visits have a primary diagnosis of GERD and esophagitis.' Based on data from patients
with health insurance (2016-2018) the annualized cost for patients with a primary diagnosis of GERD is $12,232 with
$4277 attributed to drug cost.”

Proton pump inhibitors (PPIs) are the mainstay agents for treating GERD. Currently, there are 6 Food and Drug
Administration (FDA)-approved PPIs available clinically in the US; these include first-generation benzimidazole
derivative PPIs (ie, omeprazole, lansoprazole, pantoprazole) and second-generation benzimidazole derivative PPIs (ie,
esomeprazole, dexlansoprazole, rabeprazole). Omeprazole and pantoprazole are number 8 and 20, respectively, in the top
200 most commonly prescribed medications in the US in 2020.?

Despite the best efforts of experts on GERD, its diagnosis is not straightforward. The American College of
Gastroenterology (ACG) convened an expert panel in 2022 that defined GERD as the condition in which the reflux of
gastric contents into the esophagus results in symptoms and/or complications. GERD is objectively defined by the
presence of characteristic mucosal injury seen at endoscopy and/or abnormal esophageal acid exposure demonstrated on
a reflux monitoring study.* This definition is further complicated by the difficulty of discerning symptom(s) or condition-
(s) related to GERD. Katzka et al summarized the complexities of the different GERD manifestations (ranging from
reflux esophagitis to cough); described the danger of oversimplification of symptom generation; and the danger of

overprescribing PPIs for various GERD manifestations without adequate justification for dose escalation and continued
5

use.
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Neither typical symptoms attributed to GERD (heartburn or regurgitation) nor a trial of PPI for symptoms (ie,
omeprazole 20 mg before meals daily for 4 to 8 weeks) are sensitive or specific enough to establish a diagnosis of
GERD.® The American Gastroenterological Association (AGA) panel of experts recommend a more personalized
approach, starting with a therapeutic trial of standard doses of a PPI (no particular PPI is recommended), lasting 4 to
8 weeks, after which nonresponse or incomplete response is followed by an upper endoscopy done following disconti-
nuation of PPIs. Endoscopy findings that indicate a GERD diagnosis serve as the main basis for further treatment
considerations.®

Assessment of severity among patients with reflux esophagitis has been standardized and validated using the Los
Angeles (LA) classification.” This classification system relies on the presence, extent, and degree of involvement of the
esophageal lumen circumference graded from least to most severe (ie, grade A to grade D, respectively). According to
recent expert consensus statements,®’ LA grade A esophagitis does not provide conclusive evidence for GERD because
it is frequently encountered in asymptomatic healthy individuals. LA grade B esophagitis can be diagnostic of GERD in
the presence of typical GERD symptoms and PPI response, whereas high-grade esophagitis (LA grades C or D), is
considered confirmatory evidence for GERD. For patients with mild forms of GERD (eg, no reflux esophagitis worse
than LA grade B), it may be possible to decrease or even eliminate PPI therapy, whereas patients with severe reflux
esophagitis (LA grade C or D) may require continuous long-term PPI therapy or invasive anti-reflux surgery, in addition
to optimization of lifestyle factors.*

In 2022, language referring to the CYP2C19 genotype was added to the ACG guidelines for GERD treatment stating
that “genetic differences in CYP2C19 metabolism affect PPI response; however, genetic testing in this regard has no
established role in practice”.* Contrary to this statement, there are numerous published clinical trials supporting
genotype-guided PPI therapy with implementation reported in various institutions.'®'* The same ACG guidelines
continue to mention “If one is considering a PPI switch, changing to a PPI that does not rely on CYP2C19 for primary
metabolism (ie, rabeprazole) might be considered”.* We propose that the data herein support the use of CYP2C19
genotype data to guide prescribing decisions with PPIs and that this will be increasingly utilized by physicians who treat
GERD in the future. The data we summarize support the latter statement from ACG but suggest that esomeprazole might
also be considered as an alternative PPI, as the data suggest minimal differences with esomeprazole based on CYP2C19

genotype.

CYP2CI9 Polymorphisms, Phenotypes, and Population Frequencies

To facilitate clinical implementation of pharmacogenetic information and utilization of pharmacogenetic data across
institutions, the Clinical Pharmacogenetics Implementation Consortium (CPIC) established standard terminology for
allele functional status and phenotypes for pharmacogenes, including CYP2C19."° CPIC also develops structured,
evidence-based, clinical practice guidelines for drugs affected by pharmacogenetics (ie, gene-drug pairs). In 2020,
CPIC published guidelines on use of CYP2C]9 with PPIs, with the recommendations based on the available body of
literature, severity of clinical consequences, availability of alternative therapies and whether a prescribing change (drug
choice or dose) is warranted.'®

Allele Functionality
The most common no-function CYP2CI9 polymorphism is the CYP2C[9*2 variant allele.'” The polymorphism
rs4244285 (c.681G>A) defines the *2 allele and leads to a single base-pair change, resulting in a synonymous guanine
to adenosine (G>A) polymorphism in exon 5 that creates a splice site, altering the mRNA reading frame and rendering
the protein non-functional.'® Other, less frequent, no-function alleles include CYP2C19 *3,*4, *5, *6, *7, and *8."" Of
these alleles, CYP2C19 *3 and *8 are more commonly seen. CYP2C19 *3 results from the polymorphism rs4986893
(c.636G>A) at position 636 on exon 4 and creates a premature stop codon.

In 2006, Sim et al reported a novel variant allele, CYP2C19*17."° The defining polymorphism is rs12248560, which
is a double variation (¢.-806C>T and —3402C>T) in the promotor region leading to increased gene transcription and,
consequently, increased CYP2C19 protein and increased metabolism via CYP2C19.'®
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Genotype frequency data of 2.29 million 23andMe participants, assessing ethnic distribution of the three most
common CYP2C19 alleles (*2, *3, and *I7), revealed that 58.3% of overall participants expressed of at least one
increased-function or no-function CYP2C19 allele.?’ The overall frequencies of *2, *3, and */7 were 15.2%, 0.3%, and
20.4%, respectively, but varied by ethnicity. The *2 allele was most prevalent in East Asian (28.4%) and Native
Hawaiian and Other Pacific Islander (27.6%) populations, approximately half of which was seen in other populations
(ranging from 11.9% (Middle Eastern) to 17.5% (African American)). The *3 allele was most common in the Native
Hawaiian and Other Pacific Islander (6.5%) and East Asian (6%) populations, whereas the *17 variant was least
commonly observed (5.5% and 3.7%, respectively) in these populations. The frequency of the *17 allele varied amongst
all other populations, ranging from approximately 16% (Hispanic/Latino) to 22% (African American).?

CYP2C19 Phenotypes

The predicted CYP2C19 phenotypes based on CYP2C19 genotype are shown in Table 1. Two normal function CYP2C19
*] alleles classify patients as normal metabolizers (NMs).'® Patients with one normal function and one non-functional
allele (eg CYP2C19 *1/*2 or *1/*3) or one non-functional and one gain of function allele (eg CYP2C19 *2/*17) are
considered intermediate metabolizers (IMs). Patients with a diplotype containing two non-functional alleles (eg
CYP2C19 *2/*2) are considered poor metabolizers (PMs). Those with one normal function and one gain of function
(CYP2C19 *1/*17) are classified as rapid metabolizers (RMs) and two gain of function alleles (CYP2C19 *17/*17) are
ultrarapid metabolizers (UMs).

Ethnic distribution of the various phenotypes are summarized in Figure 1, based on data extracted from CPIC’s
phenotype frequency table.”’ The highest prevalence of CYP2C19 PM and IM phenotypes are observed in those of East
Asian ancestry making up about 13% and 46%, respectively. In contrast, RM and UM phenotypes are rarely observed in
those of East Asian ancestry but are more common in those of other continental ancestries. As a result, the majority of
humans carry a CYP2C19 variant allele that leads them to have a non-NM phenotype. Specifically, 48—67% of African
Americans, East Asians, and European and Latino ancestries have a non-NM phenotype, whereas among those of Native
American ancestry, the NM phenotype predominates, at about 68%.'7!

Table | CPIC Phenotype and Genotype Definitions with Associated Enzyme Activity

CYP2C19 Phenotype Genotype Diplotype Examples® Enzyme Activity

Ultrarapid Metabolizers (UMs) Two increased function alleles *171%17 Markedly increased compared
to NM
Rapid Metabolizers (RMs) One normal function and one increased 117 Increased compared to NM
function allele
Normal Metabolizers (NMs) Two normal function alleles *1/¥1 Normal

One normal function and one no function allele; | *1/%¥2, *1/*3, *|/*8, *2/*|7,
or *8/*17

One no function and one increased function

Intermediate Metabolizers (IMs) Decreased compared to NM

allele

Likely Intermediate One normal function and one decreased function *1 /%9, *[ /%10, *9/%10

Metabolizers (IMs)?

Decreased compared to NM
allele; or
One increased function and one decreased
function allele; or

Two decreased function alleles

Likely Poor metabolizers
(PMs)?

One no function and one decreased function

allele

*2/%9, *¥2/%10

Markedly decreased

Poor metabolizers (PMs)

Two no function alleles

*2/%2, *3/*3, *8/*8

Markedly decreased/absent

Notes: “Insufficient evidence to definitively characterize decreased function alleles; PFull list available online, please refer to the CYP2CI9 Diplotype-Phenotype table.
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Frequencies

Figure | Frequencies of CYP2CI9 phenotypes in biogeographical groups.

It is important to note the nomenclature associated with CYP2C19 phenotype classification when analyzing literature
published prior to CPICs standardization of phenotypes in 2017.'> Numerous studies have classified NMs as extensive
metabolizers (EMs),'® often because the CYP2C19*17 allele was not tested or studies were conducted prior to discovery of
this variant allele in 2006."° Additionally, studies often grouped together RMs and UMs and referred to these phenotypes as
UMs. However, in 2017, CPICs final consensus of phenotype terms codified an explicit distinction between the two
phenotypes based on pharmacokinetic (PK) and pharmacodynamic (PD) outcomes.'>'® Therefore, the literature summarized
herein and in Table 2 and Table 3, uses CPICs updated phenotype terminology as opposed to the original reported phenotypes.
In addition, early studies documenting the relationship between CYP2C19 polymorphisms and PK/PD were conducted mainly
in those of Asian ancestry, in which the CYP2C19 *17 haplotype is the least prevalent among these individuals.'”!
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Influence of CYP2C19 Genetic Variation on PK and Clinical Response of PPIs

PPIs are prodrugs that inhibit the final step of gastric acid secretion. PPIs are weak bases and require an extremely acidic
medium, like that of the gastric parietal cells, in order to be activated. Once activated by protonation, they bind to
cysteine residues of the H+/K+—ATPase proton pumps, irreversibly inhibiting these pumps via covalent bonding, and
rendering them nonfunctional. Synthesis of new functional proton pumps takes about 54 hours, explaining the extended
duration of action despite the short half-life (approximately 90 minutes) of PPIs.'®** All PPIs are enzymatically
inactivated in the liver primarily by the cytochrome P450 2C19 (CYP2C19) enzyme, and to a lesser extent by
CYP3A4. However, rabeprazole is unique in that it is primarily nonenzymatically cleared.

The metabolic parameters seen among the clinically available PPIs differ due to various influences of CYP2CI9
polymorphisms. Greatest to least, dependence on CYP2C19 for their metabolism are: omeprazole > lansoprazole >
dexlansoprazole > pantoprazole > esomeprazole > rabeprazole. Similarly, CYP2CI9 genetic variability affects PPI
metabolism to varying degrees in a clinical setting. In vitro and in vivo data suggest that CYP2C19 is responsible for
approximately 90% of omeprazole clearance, and, to a lesser extent, approximately 70% of esomeprazole (ie S-isomer of
omeprazole) clearance. Reports have documented a smaller magnitude of association between CYP2CI19 genotype

328 and rabeprazole.>> **

influence on PK parameters for both esomeprazole

Differences in PK parameters and clinical efficacy of various PPIs among the range of CYP2C19 genotypes have been
well documented; namely, the area under the concentration versus time curve (AUC) and clearance (Table 2). For
example, in 2012, Gawronska-Szklarz et al showed that after a single oral dose of pantoprazole 40 mg, IMs had
a significant increase in AUC compared to NMs (4.38 = 1.00 mg-h/L vs 3 £ 1.02 mg-h/L; p < 0.05).?’ Similarly, Hunfeld
et al found that the mean AUC was about two-fold higher in IMs than NMs following a single dose of pantoprazole

40 mg (7.95 mg-h/L vs 3.82 mg-h/L; p = 0.023), and following repeat administration of pantoprazole 40 mg daily

Table 2 Summary of Selected CYP2CI19-PPI Pharmacokinetic Studies

Reference | Population/Study Design/PPI CYP2CI19 Effect on PK/Other Outcome Comments
Intervention Phenotype /
Genotype
Furuta et al | 18 healthy Japanese: NM = 7, NM© Significant difference between mean AUC Frequent dosing of LNZ (ie, 30 mg
(2001)%2 M=7PM=4 IM¢ relative ratios of NM:IM:PM = |: 2.4: 5.4 4 times daily) in NMs, achieved
Randomized double-blind PM Mean 24-hour pH significantly increased significant acid suppression and
crossover; single vs repeat (day 8) from once daily LNZ to 4 times daily dosing | overcomes insufficiency
dosing of: Placebo vs LNZ 30 mg in NMs (p = 0.0024). previously seen with once daily
once daily; 5 NMs received LNZ dosing.
30 mg 4 times daily
Hu et al 18 healthy Chinese Han: NM = 6, | NM (*1/¥1)¢ NM:IM:PM (AUC ratio; median intragastric | AUC values in PMs were 3—4 fold
(2007)* IM=6PM=6 IM (%1752, #1/%3)* | pH ratio) higher than NMs.
Single (day 1) vs repeat (day 8) PM (¥2/%2, *2/*3, Single dose of OME = NM (1.0; 2.2): IM | Median intragastric pH
dosing of: OME 20 mg once daily | *3/*3) (1.1, 3.7): PM (4.2; 5.4) significantly increased with
Repeat OME dosing = NM (1.0; 4.4): IM | repeated doses for NMs and IMs,
(1.3; 4.7): PM (3.3; 6.0) but not PMs.
Hunfeld 27 healthy Dutch: Study A RM (¥1417) Study A (NM vs IM): Only IMs (*1/%2) NMs and RMs may need higher
et al (RM=1,NM =5 IM (*1/*2) = 4, | NM (*1#]) showed significant acid-inhibition after one | PPl doses, especially during the
(2008)** IM (*2/ #17) = I, PM = 0); Study | IM (*1/*2, *2#17) | dose and repeat administration of LNZ and | first days of treatment or with on-
B (RM = 6, NM = 6, IM (*1/*2) PM (¥2/%2) OME. demand therapy.
=2IM(*2/*17)=1,PM = 1) Study B (NM vs RM): NMs and RMs
Randomized crossover studies; showed no significant acid-inhibition after
single vs repeat dosing of: Study one dose OME. RMs and NMs showed
A (LNZ 15 mg, OME 10 mg) or significant acid-inhibition after repeat
Study B (OME 20 mg, PNZ administration of OME and PNZ.
40 mg) daily.

(Continued)
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Table 2 (Continued).

Reference | Population/Study Design/PPI CYP2CI9 Effect on PK/Other Outcome Comments
Intervention Phenotype /
Genotype
Lou et al 9 healthy Taiwanese: NM = 3, NM (¥I/#1)° Median % of time with pH < 4 (24-hour; ESO dosage divisions for same
(2009)* M=3PM=3 IM (%1752, ¥1/%3)* | Nocturnal) total daily dose of 40 mg (ie,
Randomized crossover; 2 weeks PM (*2/*%2, *3/*3, ESO 40 mg once daily: NM (32.5; 65.3), | 20 mg twice daily or 10 mg 4
washout period in between 3 *2/*3) IM (32.2; 70.5), PM (26.7; 35.6) times daily) significantly improved
study periods: ESO 40 mg once ESO 20 mg twice daily: NM (8.0; 10.8), | acid inhibition and nocturnal acid
daily, 20 mg twice daily, or 10 mg IM (15.2, 23.0), PM (12.3; 12.6) suppression in NMs, IMs, and PMs
4 times daily for 7 days each. ESO 10 mg 4 times daily: NM (7.7; 9.1), | compared to ESO 40 mg once
IM (13.7; 24.1), PM (20.8; 11.4) daily.
Hunfeld 19 healthy Dutch: RM = 2, RM (*1417) Significantly higher % time with pH < 4 and | PK of PNZ is significantly
et al NM=7,IM=9,PM= | NM (*141) median pH for IM compared to NM in PNZ | influenced by CYP2CI9 genotype,
(2010)% Randomized crossover; single IM (¥1/*2, *2417) | (p = 0.025; 0.030), no significant difference | whereas ESO is not.
(day 1) vs repeat (day 5) dosing of: | PM (¥242) in ESO (p = 0.165; 0.158). Mean AUC was ~two-fold higher
ESO 40 mg or PNZ 20 mg once Mean AUC (mg h/L): in IMs verses NMs following PNZ
daily PNZ day I: NM (3.8), IM (8.0); p = 0.02 administration only.
PNZ day 5: NM (4.1), IM (8.9); p = 0.01
ESO day I: NM (2.7), IM (4.2); p = 0.37
ESO day 5: NM (5.1), IM (8.2); p = 0.08
Gawronska- | 32 healthy Polish: UM = 6, UM (*17/*%17) Mean AUC (mg h/L) Significantly lower PNZ levels and
Szklarz etal | RM =6, NM = 6, IM (*1/¥2) = 6, | RM (*1/¥17) UM (1.9), RM (2.1), NM (3.0), IM *1/*2 accelerated clearance in UMs vs
(2012)% IM (*2/%17) = 6,PM = 2 NM (*1/%1) (4.4), IM *2/*17 (3.6), PM (15.2) NMs.
Single dose of PNZ 40 mg IM (¥1/%2, *2/*17) | Clearance (L/h) 57% of interindividual variability in
PM (¥2/%2) UM (24.4), RM (19.7), NM (15.2), IM *1/%2 | PNZ clearance was explained by
(9.6), IM *2/*17 (11.6), PM (2.6) CYP2CI9 genotype.
Sahara et al | 40 healthy Japanese: NM = 15, IM | NM (*I/*1)? Median 24-hour intragastric pH CYP2C19 genotype-dependent
(2013)%® =15PM=10 IM (¥17%2, *1/*3) OME = NM (5.0), IM (5.7), PM (6.6) differences in acid inhibition were
Randomized crossover; twice- PM (¥2/*%2, *3/*3, LNZ = NM (4.7), IM (5.4), PM (6.4) smaller for ESO compared with
daily dosing of: OME 20 mg, ESO | *2/*3) ESO = NM (5.4), IM (5.6), PM (6.2) OME, RPZ and LNZ.
20 mg, LNZ 30 mg, RPZ 10 mg RPZ = NM (4.8), IM (5.0), PM (6.4)
Payan et al 180 healthy Iranian: UM = 10, RM | UM (*17/*17) Median hydroxylation index (HI) of OME: Like those with the *1/*2
(2014)® =52,NM =75, IM*1/42 = 33, IM | RM (¥I/¥17)° UM (0.4), RM (0.7), NM (0.8), IM *1/*2 diplotype, *2/*17 has intermediate
*2/%17=6,PM =4 NM (¥1/%1)° (2.0), IM *¥2/*17 (1.7) metabolic capacity. Phenotype
Single dose of OME 20 mg IM (¥1/%2, *¥2/%17) | No significant difference in median HI classification of IM consistent with
PM (¥2/%2) observed between RMs and NMs. CPIC.

Notes: Phenotypes above follow updated CPIC classification,'® phenotypes reported in the study that differ are as follows: *Referred to as rapid metabolizer (RM);
bReferred to as extensive metabolizer (EM); “Referred to as homozygous extensive metabolizer (homEM); dReferred to as heterozygous extensive metabolizers (hetEM).
Abbreviations: PPI, proton pump inhibitors; OME, omeprazole; LNZ, lansoprazole; PNZ, pantoprazole; ESO, esomeprazole; RPZ, rabeprazole.

(8.90 mg-h/L vs 4.12 mg-h/L; p = 0.010).%° In contrast, and consistent with the lower influence of CYP2C19 on its
metabolism, there were only about 60% increases in AUC following single dose of esomeprazole 40 mg (4.24 mg-h/L vs
2.68 mg-h/L; p = 0.369) and 5 days of therapy (8.22 mg-h/L vs 5.10 mg-h/L; p = 0.079). This study illustrates the
difference in magnitude of the influence of the IM phenotype on pantoprazole versus esomeprazole, though it should be
noted that the lack of statistical differences with esomeprazole likely are the result of a Type 2 statistical error, as there
were only 7 participants in each study group.

The aforementioned study by Gawronska-Szklarz et al documented that 57% of interindividual variability in
pantoprazole clearance was explained by CYP2CI9 genotype status.”’ Specifically, the study demonstrated significantly
lower plasma concentrations and accelerated elimination (clearance) in UMs vs NMs 3 hours after single dose oral
administration of pantoprazole 40 mg. The lowest population oral clearance was associated with PM (3.68 L/h) and the
highest oral clearance was observed in UM phenotype (31.13 L/h); while the IM phenotype had an observed oral
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clearance of 8 L/h.?” The study by Hunfeld et al, concluded that on day 1 and day 6, all studied PPIs demonstrated the
same pattern between genotype and AUC, with highest AUC in PMs, and lowest in RMs (ie, in the absence of UMs).**
Consistent with the mathematical and biological relationship between clearance and AUC, clearance showed the same
genotypic trend as the AUC, with lowest clearance in PMs and highest in RMs.

Higher PPI exposure (ie AUC, plasma concentration levels) observed in IM and PM phenotypes is also associated
with a significant increase in acid suppression, compared to NMs.>32426:36:3940 At standard doses, the effect of PPIs on
acid suppression (ie, as measured by median intragastric pH) is highest among PMs, followed by IMs, NMs, RMs, and
lastly, UMs, associated with the least acid-inhibitory effect.>>*”*'*3 The majority of studies conducted on the impact of
CYP2CI19 metabolism on the PK of PPIs, were published in the early 2000s, prior to the identification of the
CYP2C19%*17 variant allele. While there are fewer trials of the influence of CYP2C/9*17 on PPI exposure, existing
data reveal compelling evidence of CYP2C19*17 leading to increased gene expression and enzyme activity. Enhanced
PPI clearance observed in RMs and UMs lead to lower PPI levels, therefore, these phenotypes are at an increased risk for
PPI treatment failure due to insufficient acid suppression.***%-

There has also been interest in understanding how the combination of a gain-of-function and no-function allele would
impact metabolism. Specifically, would the no-function allele dominate in the phenotype or would the two essentially offset
one another, leading to relatively normal metabolism and an NM phenotype. Payan et al evaluated this question, testing the
combination of no function and gain of function alleles (CYP2C19*2/*17) on CYP2C19 activity via hydroxylation index of
omeprazole (the ratio of omeprazole to its major metabolite, hydroxyomeprazole, in serum 3 hours post-dose).>’ The median
hydroxylation index of omeprazole was 1.74 in CYP2C19*2/*17 and 1.98 in CYP2C19*1/*2 carriers (P = 0.33) indicating no
significant difference between the two diplotypes. This suggests the loss of function *2 allele has much greater impact on the
phenotype than the gain of function *17 allele. Therefore, it was concluded that like those with the *1/*2 diplotype, *2/*17 has
intermediate metabolic capacity and a phenotypic classification of the *2/*/7 diplotype as IMs, which is consistent with the
CPIC classification. Of note, in this same study, there was no significant difference in median hydroxylation index observed
between RMs and NMs, (0.71 and 0.78, respectively; P > 0.05) and UMs had a median hydroxylation index of 0.36,
demonstrating very high metabolic capacity.

Additional Polymorphisms Associated with PK and Clinical Response of PPI’s

A retrospective analysis, conducted by Kee et al, identified novel variants that might influence PPI metabolism (and
response). Specifically, they found a significant association of omeprazole treatment failure in refractory GERD with
CYP2C19 UM phenotype inferred specifically by CYP2C:TG/TG (p = 0.03) (TG haplotypes [rs11188059 and
1s2860840]), but not with CYP2C19 *17/*%17.*** Interestingly, CYP2C19 *I7 was absent in all CYP2C:TG homo-
zygotes, suggesting that these might be additional genetic variants that influence PPI metabolism. This study suggests
further exploration of the presence of undiscovered genetic variants within the CYP2C locus and other regions that may
induce clinically relevant CYP2C19 UM phenotypes. Larger studies validating these findings are necessary to implement
PPI dose adjustments for other genetic variations in the CYP2C locus.

In a study of genetic variability in the protein target of PPIs, Zhang et al concluded that gastric H+/K+—ATPase
(rs2733743) polymorphisms (eg, a single nucleotide polymorphism [SNP] of the gastric hydrogen-potassium adenosine
triphosphatase [H+/K+-ATPase] o-subunit) may have a greater effect than CYP2C19 polymorphisms on gastric acid
suppression efficiency and may be related to the inter-individual differences in gastric acid inhibition achieved by
PPIs.***® However confirmation studies are necessary to implement these findings clinically.

P-glycoprotein (P-gp) is responsible for PPI absorption in the small intestine and is highly polymorphic.'" Genetic
polymorphisms in the P-gp enzyme coded by the ATP-binding cassette, sub-family B (MDR/TAP), member 1 gene
(ABCBI; previously multidrug resistance transporter gene 1 [MDRI1]) affects the pharmacokinetics and pharmacody-
namics PPIs. The influence of the ABCBI 3435C>T (rs1045642) polymorphism on the PK/PD of lansoprazole, evaluated
by Kodaira et al, found that lansoprazole plasma levels were higher in individuals with the ABCBI 3435 TT genotype
than in those with the CT or CC genotypes.*’ However, the study concluded that the influence of ABCBI polymorphisms
on the PK/PD of PPIs was smaller than that of CYP2C19 polymorphisms and could be disregarded in the clinical setting.

Pharmacogenomics and Personalized Medicine 2023:16 https: 651
Dove!


https://www.dovepress.com
https://www.dovepress.com

Eken et al Dove

Collectively these studies highlight that work should continue to discover and validate other genetic variants that
might have clinically relevant influence on PPI pharmacokinetics and/or efficacy.

Clinical Outcomes for GERD Treatment

Patients with decreased CYP2C19 functionality (ie, IMs and PMs) are said to be “therapeutically advantaged” compared to

NMs, RMs, UMs at traditional doses. Specifically, increased PPI exposure in IMs and PMs has been linked to improved acid

suppression (ie, higher intragastric pH and longer time with pH > 4.0) and treatment success; however, prolonged acid

suppression potentiates a greater risk for PPI-associated adverse effects in the setting of chronic therapy (> 12 weeks).
Concerns regarding the long-term safety of PPIs have been raised as emerging literature has associated several

52756 include the

adverse effects with long-term PPI use.’™' Specifically, the FDA-approved PPI package inserts
following adverse effects in the “Warning and Precautions” section: increased risk for osteoporosis-related fractures
(eg, in hip, wrist, or spine) with long term use,”’ increased risk of Clostridium difficile-associated diarrhea,’® hypomag-
nesemia with prolonged treatment,”” cyanocobalamin (vitamin B-12) deficiency with daily use longer than 3 years. In

addition, long term PPI-use has been reported to be associated with increased risk of dementia, gastroenteritis,®*®'

62765 and chronic®®® kidney disease, pneumonia (eg, highest risk at 1 month regardless of dose),®” mortality,”® and

acute
more recently, COVID-19-associated mortality.’'

A longitudinal (median 5.7 years) observation cohort study conducted by Xie et al observed the risk of death among US
veterans prescribed PPIs.”® Compared with those exposed to PPIs for <30 days, the study found a significant increase in
mortality associated with duration of exposure >90 days; 91-180 days (HR 1.17[1.13 to 1.20]), 181-360 days (HR 1.31 [1.27
to 1.34]) and 361-720 days (HR 1.51 [1.47 to 1.56]).”° These findings provide support to CPIC guideline recommendations
(further discussed in the therapeutic guidance section below), of considering a dose reduction in patients with IM and PM
phenotypes (and thus higher PPI exposure) who receive chronic PPI treatment for longer than 12 weeks.'®

In contrast, PPI treatment failure and GERD recurrence rates are commonly seen in patients who have insufficient

acid inhibition due to CYP2C19 normal and increased function phenotypes (Table 3).'':'#2%3032 Cyrrent CPIC

Table 3 Summary of Selected CYP2C19-PPI Outcome-Related Studies

Reference | Population/Study Design/PPI CYP2CI9 Effect on PK/Other Outcome Comments
Intervention Phenotype /
Genotype
Furuta et al | 65 Japanese patients with GERD NMe Significant difference in GERD cure In NMs with severe GERD (ie, grade
(2002)*° (grades A-D): NM = 24, IM = 28, PM | IM® rates with LNZ in NM (46%) IM C or D), treatment with a standard
=13 PM (68%) and PM (85%) phenotypes. The | dose of LNZ is expected to result in
Single dose of LNZ 30 mg for 8 cure rate in NMs with a GERD grade | therapeutic failure due to reduced
weeks of C or D was very low (17%). LNZ plasma levels.
Significant difference in mean LNZ
concentrations (ng/mL): NM (312.3),
IM (439.9), PM (745.4).
Furuta et al | 124 Japanese GERD patients treated | NM (*I/*])? % of patients who underwent NMs are at increased risk of GERD
(2009)* with LNZ 30 mg once daily for 8 IM (¥1/%2, *1/%3), | a reduction of LNZ dose from 30 to | recurrence compared to IMs and
weeks prior to enrollment: NM = 54, | PM (¥2/*%2, *¥3/*3, 15 mg: NMs (33%), IMs (50%), and PMs, especially when LNZ dose is
IM =56, PM = 14 *2/%3) PMs (57%); however, among them, decreased.
If reflux occurred < once/week: LNZ dose was restored to 30 mg for those
maintenance dose reduced to 15 mg with GERD recurrence: NMs (89%),
once daily If reflux occurred > once/ IMs (79%), and PMs (50%).
week after dose decrease: LNZ dose Hazard ratio (HR) of GERD
restored to 30 mg once daily recurrence:
IM vs NM = 0.4 (Cl: 0.2-0.9, p = 0.02)
PMvs NM = 0.2 (Cl: 0.1-0.7, p =
0.01)
(Continued)
652 https: Pharmacogenomics and Personalized Medicine 2023:16

Dove!



https://www.dovepress.com
https://www.dovepress.com

Dove

Eken et al

Table 3 (Continued).

Reference | Population/Study Design/PPI CYP2CI9 Effect on PK/Other Outcome Comments
Intervention Phenotype /
Genotype
Chen et al 200 Taiwanese patients with GERD NM? Sustained symptomatic response Twice daily dosing vs standard dosing
(2010)*' (grades A and B): NM =81, IM = 86, | IM® (SSR) for PNZ twice daily vs once of PNZ improves the symptomatic
PM =33 PM daily control for GERD patients with IM
Randomized case-control study; PNZ Week 4: IMs (68% vs 42%, p = 0.03); | and NM phenotypes as early as 4
40 mg twice daily vs once daily + NMs (55% vs 24%, p = 0.01); no weeks.
placebo at night for 8 weeks significant difference for PM
Week 8: IMs (95% vs 74%, p = 0.01);
no significant difference for NMs and
PMs
Sheu et al 240 Taiwanese patients with GERD NM? |-year cumulative success rate of PMs with severe GERD (Grade C or
(2012)* (grades C-D). 200 of these patients IM® ODT was significantly lower in NMs D) may benefit from ODT after
included in |-year on-demand therapy | PM than IMs and PMs (51% vs 74% and achieving complete healing with
(ODT) and genotyped: NM = 51, IM 83%; p < 0.05). continuous (6 months) PNZ dosing.
=108, PM = 4| Mean monthly number of PNZ This may reduce risk of long-term PPI
Prospective study; continuous PNZ tablets was lower in PMs than NMs side effects.
40 mg/day for 6 months. If complete and IMs (11.5 vs 18.6 and 16.3, p <
GERD remission, additional 12 0.05) for those with successful ODT
months of ODT with PNZ 40 mg/day during |-year follow up.
Ichikawa 1355 GERD patients: NM = 604, IM = | NM (*I/*])? Efficacy rates in NMs (52.2%); IMs NMs are at an increased risk of PPl
et al 526, PM = 225 IM (¥1/%2, *1/*3) (56.7%); PMs (61.3%) p =0.047 refractoriness for GERD treatment.
(2016)" Meta-analysis of 15 studies (Japan = PM (¥2/%2, *3/*3, NMs are at increased risk of being Cure rates were similar among all
10, China = 2, Taiwan = |, Iran = |, *2/*3) refractory to PPl compared to PMs phenotypes for ESO and RPZ, but not
Germany = 1) published up to 2014; (odds ratio (OR) 1.7, Cl: 1.0-2.7, p= | for LNZ and PNZ.
different PPls and doses. 0.04)
Franciosi 74 children with GERD; Cases: UM (*17/%17) Strong association of poor pH probe | PPI therapy in children with RM and
et al UM =5, RM = |6; Controls: RM (*1/*17) testing outcomes (ie, insufficient acid | UM phenotypes may be better
(2018)" NM=37,IM= 16 NM (*1/%1) suppression) in RM and UMs optimized with CYP2C/ 9 genotype-
Retrospective cohort study; different | IM (¥1/%2, *1/*8, compared to NMs and IMs. guided dosing prior to pH probe
PPls and doses *21¥17) RMs and UMs displayed a 2-fold testing.
higher time with pH < 4 compared to
NMs and IMs (76.5 vs 33.5 minutes,
p =0.03).
Franciosi Cases: 34 children who underwent UM (¥17/%17)° Frequency of patients ARS vs no-ARS | IM and PM are under-represented in
et al anti-reflux surgery (ARS) after failing | RM (¥1/%17)° (below frequencies differs from study; | ARS, suggesting ARS may be avoided
(2018)* PPI therapy; UM = 3, NM (*17%1) adjusted for phenotype categories to | with more aggressive PPl dosing for
RM=11,NM=16IM=4PM=0 | IM (/%2 *I1/%8)" | the left): NMs, RMs, and UMs.
Controls: 457 children with no (%2/*17, *8/*17)° ARS: UM (8.8%), RM (32.4%), NM Preemptive CYP2C/9 testing may be
history of ARS; UM = 21, RM = |17, | PM (¥2/%2, *2/*8) (47.1%), IM (11.7%), PM (0%) beneficial for this population.
NM =201,IM =102, PM = |6 No-ARS: UM (4.6%), RM (25.6%),
Retrospective case-control; different NM (44%), IM (22.3%), PM (3.5%)
PPIs and doses NM (OR 8.6, CI 1.1-63.3, p = 0.04),
RMand UM (OR 9.8, ClI 1.3-76.6, p =
0.03) phenotypes were significant
predictors of ARS relative to no-ARS.

Notes: Phenotypes above follow updated CPIC classification,'® phenotypes reported in the study that differ are as follows: *Referred to as rapid metabolizer (RM);
PReferred to as extensive metabolizer (EM); “Referred to normal metabolizer (NM); “Referred to as homozygous extensive metabolizer (homEM); “Referred to as
heterozygous extensive metabolizers (hetEM), ‘Referred to as poor metabolizer (PM).
Abbreviations: PPI, proton pump inhibitors; OME, omeprazole; LNZ, lansoprazole; PNZ, pantoprazole; ESO, esomeprazole; RPZ, rabeprazole.
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guidelines have clear recommendations for increasing the dose of omeprazole, lansoprazole, pantoprazole and dexlanso-
prazole (though a slightly weaker recommendation for the latter than the first three) for patients who are normal, rapid,
and ultrarapid metabolizers of the CYP2C19 enzyme. However, this dose increase is recommended for specific
indications (ie, Helicobacter pylori infection and erosive esophagitis).'® CPIC guidelines have yet to add recommenda-
tions on GERD-specific PPI dose adjustments.

Due to the relatively recent discovery of the CYP2C19*17 allele, studies on effects of CYP2C19 rapid and ultrarapid
metabolism on PPI systemic exposure and efficacy are limited, though in the historical literature, these three phenotypes
would have been captured under the extensive metabolizer (EM) phenotype. However, in the literature where the
CYP2C19*17 allele is tested, there is growing support for the association of increased PPI clearance and an increased
risk of therapeutic failure associated with the CYP2C19*17 allele. For example, a retrospective cohort study of 74
children with symptomatic GERD found a strong association of poor pH probe testing outcomes (ie, insufficient acid
suppression) in RM and UM phenotypes (cases) compared to individuals carrying normal and/or no function alleles
(controls). Specifically, Franciosi et al found that compared to the control group, RMs and UMs displayed a 2-fold higher
percentage (P = 0.04) and duration of time (P = 0.03) in which pH was below 4."*

GERD recurrence is particularly of concern for RMs and UMs, but more recently, NMs were also found to be at
increased risk of therapeutic failure (Table 3). Compelling evidence from a meta-analysis of 19 studies revealed NMs (ie,
classified as RMs in the meta-analysis, however refers to CYP2C19 *1/*1 diplotype) were at a significantly higher risk of
being refractory to PPI therapy than PMs (OR: 1.661, 95%; CI: 1.023-2.659; P =0.040), irrespective of other confound-
ing variables.'' A previous study showed that cure rates for GERD are also significantly influenced by CYP2C19
genotype and grade of GERD before treatment.*® GERD was classified as cured when endoscopy findings revealed no
mucosal break at the end of the 8-week treatment period. The cure rates by genotype reported in the study were 45.8%
for NMs; 67.9% for IMs; and 84.6% for PMs. The NM metabolizer phenotype was also shown to have lower plasma
concentrations of PPI, which correlated with reduced acid suppression, and the cure rates in NMs with GERD grade of
C or D were extremely low (16.7%). The study demonstrated that CYP2C19 genotype status is one of the predictable
determinants for outcomes with PPI-based GERD therapy along with assessing the grade status of GERD prior to
therapy. If CYP2C19 status is determined before treatment with PPI’s, an optimal dose can be prescribed, in particular in
patients with NM, RM, and UM phenotypes and severe GERD, individuals for whom prescription of the typical dose of
PPI’s usually result in therapeutic failure. Determining the therapeutic strategy a priori by making use of genotyping
results would be expected to increase GERD cure rates with the initial treatment.

Several studies have also examined the impact of CYP2C19 activity on refractory GERD symptoms using standard
doses versus multiple daily dose PPI regimens.!' Although limited, existing data suggest multiple (ie, double, or even
quadruple) daily dosing of PPIs decreases CYP2C19 genotype-dependent differences in acid inhibition.>**"-72 Chen
et al examined the difference in sustained symptomatic response (SSR) rates between CYP2C19 NM, IM, and PM
phenotypes on pantoprazole 40 mg twice daily (80 mg total daily dose) verses standard dosing (40 mg once daily).>' In
the RCT, 200 patients were classified (via panendoscopy) as being either LA grade A or B in GERD severity. For IMs,
a significantly higher rate of SSR was observed in the twice-daily pantoprazole group vs standard-dosed group on week 4
(67.5% vs 41.9%, p = 0.027) and on week 8 (94.9% vs 73.7%, p = 0.013). Similarly, NMs had a significantly higher rate
of SSR in the twice-daily group vs the standard-dosed group on week 4 (55% vs 23.7%, p = 0.006), however no
significant difference was noted on week 8 (82.1% vs 68.4%, p = 0.194). Of note, the SSR in PMs on weeks 2, 4, and 8
were not significantly different between the two treatment groups (p > 0.05).>' These data suggest that in CYP2C19 IMs,
double-dosed pantoprazole is associated with improved SSR rates as compared to standard dosing after 8 weeks.
Moreover, in CYP2C19 IMs and NMs, accelerated control of GERD (grade A or B) symptoms was observed as early
as four weeks after initiating therapy.

Additionally, Sahara et al compared the acid-inhibitory effects of four PPIs dosed twice daily (omeprazole
20 mg, lansoprazole 30 mg, rabeprazole 10 mg, and esomeprazole 20 mg) in CYP2C19 NM, IM and PM
phenotypes.”® In H. pylori-negative CYP2C19 NMs, median 24-h intragastric pH with esomeprazole 20 mg twice
daily was significantly higher than that with omeprazole, rabeprazole or lansoprazole; concluding that esomeprazole
dosed twice daily is preferred, over the other PPIs tested, in CYP2C19 NMs who are at risk of being unresponsive

654 https: Pharmacogenomics and Personalized Medicine 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Eken et al

to PPI therapy at standard once daily doses.”® Of note, acid inhibition attained by all four PPIs in IMs and PMs was
sufficient for GERD treatment. Similarly, Lou et al found that esomeprazole dosage divisions for the same total
daily dose of 40 mg (ie, 20 mg twice daily or 10 mg four times daily) resulted in significant clinical improvement in
acid inhibition (median intragastric pH >4 and median percent of time the nocturnal pH was <4) in CYP2C19 NM,
IM, and PM phenotypes compared to esomeprazole 40 mg once daily.>> Specifically, esomeprazole, controlled
nocturnal gastric acid secretion more effectively when it was divided into 2 (20 mg twice daily) or 4 doses (10 mg
four times daily).?®> Therefore, in long-term maintenance therapy for GERD, divided daily doses of esomeprazole are
recommended and may be more effective in controlling nocturnal acidity for CYP2C19 NMs who are refractory to
standard PPI doses. This recommendation may be further extrapolated to RM and UM phenotypes who are at
a higher risk of treatment failure compared to NMs. Additionally, Furuta et al observed that gastric acid inhibition in
CYP2C19 NMs treated with lansoprazole 30 mg once daily was therapeutically insufficient for GERD treatment.*’
Another study conducted by Furuta et al revealed that frequent dosing of lansoprazole (ie, 30 mg four times daily)
in NMs, achieved significant acid suppression and overcomes the insufficiency previously seen with once daily
dosing.”

While multiple daily dosing of PPIs demonstrated improved acid suppression and response rates in patients with
refractoriness to PPIs, it is important to consider in the clinical setting the challenges with patient adherence to a multiple
daily dosing regimen and the associated consequences of poor adherence.

Treatment Guidelines

General GERD Treatment Guidance

Most patients with GERD have nonerosive disease, with about 20% of patients with uncontrolled GERD progressing to
erosive esophagitis. PPIs have demonstrated efficacy in healing erosive esophagitis and preventing the development and
recurrence of GERD symptoms in long-term users. The updated AGA and ACG guidelines highlight the superiority of
PPIs, compared to H2-receptor antagonists (H2ZRAs), in preventing the development and recurrence of GERD symptoms
in long-term users and demonstrating efficacy in healing erosive esophagitis.*’> For patients experiencing GERD
symptoms, gastroenterology guidelines recommend an 8-week trial of once-daily PPI. If symptoms persist beyond 8
weeks, an esophagogastroduodenoscopy is recommended to confirm a diagnosis of GERD. Maintenance PPI therapy is
only recommended for patients with GERD complications (ie, LA grade C or D erosive esophagitis and Barrett’s
esophagus).®>! For GERD patients requiring maintenance therapy, it is clinically important to use the lowest doses for
the shortest duration to treat the underlying gastrointestinal disorders, especially in IMs and PMs where reduced drug
clearance is predicted to increase PPI-associated adverse effects.

AGA recently provided an update on PPI de-escalation and de-prescribing. The expert panel concluded that PPI dose
de-escalation for GERD can be effective for the majority of patients.’’ This recommendation was based on a trial of 117
GERD patients using higher-than-standard PPI doses, where 80% of patients successfully stepped down to standard PPI
doses without significant symptom recurrence or the need to increase the PPI dose again.’”* Additionally, AGA
recommends use of as-needed H2RAs and/or antacids for treatment of upper gastrointestinal (GI) symptoms after PPI
withdrawal. This recommendation is based on the Inadomi et al finding that approximately 50% of all patient with
uncomplicated GERD who discontinued PPIs, successfully remained off PPIs 6 months later; 75% of these patients were
using H2Ras or antacids after PPI withdrawal.”> Severe persistent symptoms lasting greater than 2 months after PPI
discontinuation may suggest the presence of a continuing indication for PPI therapy.>'

Guidance for GERD Therapy Based on CYP2CI9 Phenotype

Dutch Pharmacogenetics Working Group (DPWG)

The objective of the DPWG is to develop pharmacogenetics-based therapeutic recommendations based on a systematic
literature review and to optimize drug use in patients whose genotypes are known.”® In 2018, DPWG updated their 2011
guidelines and developed specific dosing recommendations for CYP2C19 PM, IM, and UM phenotypes.”®’” No action is
recommended for IM and PM phenotypes taking first generation PPIs (ie, omeprazole, lansoprazole, pantoprazole) as the
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DPWG mentions higher plasma concentration of PPIs results in an increase in the therapeutic effectiveness, without an
increase in the side effects. For CYP2C19 UMs undergoing H. pylori eradication therapy with omeprazole, lansoprazole, or
pantoprazole they recommend a 3-fold, 4-fold, and 5-fold dose increase, respectively. For other indications, they recom-
mend to be alert to reduced effectiveness and, if necessary, increase PPI dose as recommended for H. pylori treatment. For
all indications DPWG recommends advising UM phenotype patients to report persisting symptoms of dyspepsia.

Second-generation PPIs, esomeprazole and rabeprazole, are mentioned in the guidelines but do not have recommen-
dations due to the lack of data available for UMs, whereas, dexlansoprazole is not mentioned in the guidelines.77 No
action is recommended for IM and PM phenotypes taking rabeprazole as DPWGs systemic review of literature showed
that the higher plasma concentration of rabeprazole does not result in an increase in side effects; although esomeprazole
is also associated with higher plasma concentrations in these phenotypes, the guideline mentions there is insufficient
evidence to support an increased risk of side effects.

Clinical Pharmacogenetics Implementation Consortium (CPIC)

CPIC is an international consortium of volunteers established to address barriers to clinical implementation of pharma-
cogenetic tests by creating evidence-based gene-drug clinical practice guidelines. The CPIC CYP2C19-PPI guidelines
currently have the strongest prescribing recommendations for omeprazole, lansoprazole, pantoprazole (ie, CPIC level A,
moderate or strong prescribing action recommended) and optional recommendations for dexlansoprazole (ie, CPIC level
B). With inconsistent evidence linking CYP2C19 genotype with variability in esomeprazole and rabeprazole plasma
concentrations and effectiveness, CPIC currently does not have prescribing action recommendations for these PPIs (ie,
CPIC level C). Additionally, recommendations apply to both oral and IV PPI formulations.

In general, CPIC recommends initiating PPIs at standard doses for NMs and RMs; however, the guidelines note that
a large body of evidence reports that standard doses are associated with eradication failure in H. pylori infection and
lower erosive esophagitis healing rates in NMs and RMs as compared to IMs and PMs.'® Therefore, CPIC also
recommends that a dose increase of 50—-100% in CYP2C19 NM and RM phenotype individuals who are being treated
for H. pylori infection or erosive esophagitis be considered in order to optimize clinical efficacy. Given that evidence has
emerged since the publication of the guidelines suggesting a similar challenge for GERD patients who are NM or RM,
we recommend clinicians also consider dose increases in GERD patients when initiating therapy. Further, given this
emerging evidence, one might anticipate that GERD will be added in the CPIC PPI update as an indication for dose
modification in RM and NM.

The low PPI exposure documented in patients who are CYP2C19 UMs compared to NMs, IMs, and PMs led to the
CPIC recommendation to increase the starting daily dose by 100% in CYP2C19 UMs, regardless of indication.
Additionally, the guidelines recommend divided daily dosing for NMs, RMs, and UMs, regardless of indication, to
maximize the likelihood of therapeutic plasma concentrations and therapeutic efficacy. These patients should also be
monitored for PPI efficacy.

In contrast to NM, RM, or UM phenotypes, who may need higher or more frequent PPI doses, or alternative treatment
with a drug less dependent on CYP2C19 metabolism, those with IM and PM phenotypes may achieve sufficient acid
inhibition with standard once-daily PPI doses. Once efficacy is achieved, CPIC recommends a 50% daily dose reduction
for chronic PPI therapy (extending beyond 12 weeks) to reduce the risk of adverse effects associated with prolonged acid
suppression.'®>** If a dose reduction is made, it is recommended to monitor for continued efficacy.

Food and Drug Administration (FDA)
FDA includes pharmacogenetic PK data in drug labels (ie, prescribing information), however, specific dose change
recommendations are not provided, except for pantoprazole.”® Specifically, the FDA recommends a dosage reduction in
children who are CYP2C19 PMs taking pantoprazole, although the magnitude of dose reduction is not specified. There is
no dose adjustment recommended in the pantoprazole product label for adult IMs or PMs.

The FDA Table of Pharmacogenetic Associations reported higher systemic concentrations in IMs or PMs taking
pantoprazole, dexlansoprazole, or omeprazole; and higher systemic concentrations in PMs taking esomeprazole, lansopra-
zole, or rabeprazole.”® As evidence continues to emerge on the gene-drug relationship of CYP2C19 and PPIs, updates to this
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table will be necessary to accurately reflect the association. Specifically, including that IMs may also have higher systemic
concentrations of lansoprazole, and an inclusion of decreased systemic PPI concentrations seen in RMs and UMs.

As mentioned earlier, the FDA-approved drug labels (ie, prescribing information), highlight the adverse effects
associated with PPIs in the “Warnings and Precautions” section. These adverse effect warnings are relevant when
considering long-term PPI therapy, especially in IMs and PMs.

Special Populations

Both age and PGx status of patients can be instrumental in optimizing dosing. Specifically, when determining optimal
PPI dosing, consideration of CYP2C19 phenotype and age range may be beneficial in improving PPI treatment response.
For example, a recent pharmacokinetic study on the influence of CYP2CI19 polymorphisms in elderly participants
receiving omeprazole concluded that aging had a significant effect on non-PM phenotypes.** In the NM and IM groups
of the elderly, overall omeprazole exposure increased 4.2-fold and 3.7-fold, respectively, compared to the corresponding
phenotype groups in young adults. Na et al also observed an increase in half-life for elderly in the NM (1.8-fold) and IM
(1.9-fold) groups, compared to young adult NMs and IMs, however, no difference in half-life was observed in the elderly
PM group compared to young adult PMs. Implementing a personalized pharmacotherapy approach with different
standards for older versus young adults can achieve better effects.

PPI use in children is common and continues to increase.'® Pediatric manifestations of GERD are often harder to identify
as typical symptoms of heartburn and regurgitation are not easily evaluated in younger patients. Anti-reflux surgery (ARS) is
one of the most common major surgeries in pediatric patients with uncontrolled GERD symptoms despite pharmacological
treatment. A recent study identified children with confirmed GERD who underwent ARS and found that the CYP2C19 RM
and UM phenotypes were a significant predictor of ARS compared to the non-ARS controls.*> PMs were underrepresented in
the ARS population, supporting the association of rapid PPI metabolism with those expressing one or two gain of function
alleles. This study implies that surgery may be avoided with more aggressive PPI dosing for RMs and UMs, therefore, there is
potential that preemptive CYP2C19 testing would be beneficial in this population.

Also in the pediatric population, emerging data have shown associations between PPI therapy and increased upper
respiratory tract infections and asthma exacerbation, specifically in individuals expressing one or more no-function
allele(s) (ie, IM and PM phenotypes).'*#!-52

CYP2CI19 PGx Testing

In practice, patients may or may not present with prior CYP2C19 pharmacogenetic results and clinicians are faced with
a decision on whether to pursue testing. PGx testing prior to initiating therapy may improve the likelihood of treatment
success and decrease the burden of potential adverse effects.

Only PGx tests conducted by Clinical Laboratory Improvement Amendments (CLIA)-certified laboratories should be
used to inform clinical decisions. The Association for Molecular Pathology (AMP) PGx Working Group recommends
that, at a minimum, Tier 1 CYP2C19 alleles (ie,*2, *3 and */7) be included in clinical CYP2CI9 genotyping tests.®
These alleles are most common across the ethnic populations encountered in the US and are known to alter function. Tier
2 CYP2C19 variant alleles (ie, *44, *4B, *5, *6, *7, *8, *9, *10 and *35) are also recommended in clinical genotyping
tests, however they are considered optional to include.

CYP2CI9 Implementation Experience at Our Institution

Implementation of CYP2CI9 pharmacogenetic testing at the University of Florida (UF) was possible with close
collaboration between the GI faculty in clinical practice and the multidisciplinary faculty within the precision medicine
program (PMP).** The implementation began with gastroenterologists expressing that readily available clinical recom-
mendations for PPI dosing based on CYP2CI9 genotype would be helpful in their practice. The PMP, led by
pharmacogenetic-specialized pharmacists, provided education and support to the GI clinicians. Specifically, in-person
education was done with a slide set sent out to all faculty afterwards. Key information was provided on how to order
tests, contact information for questions, reviewing results, and dosing recommendations based on CYP2C19 phenotype.
This investment in time and effort by our PGx pharmacists enhanced GI physician participation at our institution.
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Implementation of CYP2C19 testing in PPI-treated GI patients (who primarily had GERD) made clear that in addition
to the potential clinical utility of using CYP2C19 genotype to guide therapy decisions with PPIs, the prevalence of PGx
medication prescribing is higher than previously thought. This could lead to additional clinical benefits for the patient
over their course of care, particularly if they were tested with a multi-pharmacogene panel and not just for CYP2C19.
Based on data from our institution, 70.2% of patients with GERD are prescribed other medications that can be guided by
PGx panel-based testing within 12 months post-genotyping,** causing us to conclude that panel-based testing provides
more clinical information compared to single-gene testing, relative to costs and efficiencies associated with panel-based
testing. Not only can CYP2CI9 genotype be of clinical utility for several other medications, but use of a panel with
additional pharmacogenes expands the future utility of the data.

As further support for running a panel-based versus single gene tests, the costs for the two approaches are now
similar, based on our experience. Reimbursement data from our institution from January 2019 to December 2021
revealed a higher reimbursement rate for panel-based tests compared to a CYP2C/9 test alone among those with
commercial insurance (74% vs 42%, respectively). Specifically, for insurance claims submitted for GI diagnoses, we
found 76% of claims submitted received partial or full reimbursement for the panel PGx tests as opposed to 53% of
claims submitted for a single CYP2C19 gene test. Of note, our data showed a significantly higher reimbursement rate for
Medicare insurance compared to commercial insurance.®

Drug-Drug-Gene Interactions

Along with CYP2C19 genotype, drug-drug-gene interactions (DDGI) may also be an important factor to consider with PPIs
and could be important for personalization of therapy. There are few published studies that evaluate drug interactions with
CYP2C19 after PPI administration, but based on study findings from Zhang et al*® genotype detection and drug interactions
are helpful determinants of optimal PPI dosing in order to avoid treatment failure and PPI-associated adverse effects. Co-
administration of PPIs (except rabeprazole) with strong CYP2C19 inhibitors (ie, fluvoxamine, fluconazole, fluoxetine)™ led to
markedly increased PPI plasma concentrations for non-PMs, suggesting that a dose increases in NMs, RMs, and potentially
UMs, may not be needed to achieve adequate acid suppression.'®** Alternatively, strong CYP2C19 inducers (ie, rifampin,
St. John’s wort) can lead to decreased systemic exposure and treatment failure, suggesting the need for a PPI dose increase in
NMs, IMs, and potentially PMs.®” Particularly in patients for whom a CYP2C19 inducer cannot be avoided (eg treatment with
rifampin), use of rabeprazole is likely to be the preferred PPI since the magnitude of induction (and thus dose changes needed
for the other drugs) would be difficult to predict. Additionally, although many clinical studies have explored the DDGI
potential of pantoprazole, they found none to be clinically relevant.** °

In patients with normal CYP2C19 activity, CYP3A4 inhibitors (ie, ketoconazole, fluconazole, clarithromycin) have
minimal effect on PPI metabolism. Clinically relevant alterations in PPI metabolism are seen for those with CYP2C19
deficiency (ie, IMs and PMs) who shift from CYP2C19 as the primary metabolic pathway to primarily CYP3A4
pathway.**' In CYP2C19 IMs and PMs, CYP3A4 inhibitors may markedly increase PPI concentrations; therefore,
increasing the risk for adverse effects with chronic dosing (greater than 12 weeks).'®?!

Omeprazole and esomeprazole are weak autoinhibitors of CYP2C19” which can influence the effectiveness of
concurrently administered CYP2C19-metabolized prodrugs (ie, clopidogrel) and increase drug concentrations of
CYP2C19 inactivated drugs (ie, diazepam, warfarin, phenytoin, voriconazole, SSRIs) which may raise the risk of side
effects.®® However, further studies demonstrating the clinical consequence of these DDGIs are needed. In addition, the
FDA issued a warning of reduced effectiveness of clopidogrel in individuals with impaired CYP2C19 function and
advised avoiding its concomitant use with omeprazole or esomeprazole.”>”* It is recommended to instead use an

alternative PPI with weaker CYP2C19 inhibition, such as pantoprazole.®®°

Consideration of CYP2C19 Metabolism in Drug Development

The relationship between PPI metabolism and CYP2C19 polymorphism has had a significant role in drug development.
Modifications to areas in the omeprazole structure which are prone to CYP2C19 metabolism (via o-demethylation and
hydroxylation) have been made in order to reduce drug interactions and PK variability affected by pharmacogenetics. For
example, the methyl group on omeprazole’s oxygen moiety was substituted with a difluoromethyl group (ie, pantoprazole) to
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reduce CYP2C19 O-demethylation, therefore, pantoprazole is less prone metabolism via CYP2C19 compared to omeprazole. In
addition, esomeprazole is the S-enantiomer of omeprazole (a racemic mixture). With less dependence on CYP2C19 metabolism
due to stereoselectivity, esomeprazole offers an advantage of less interindividual variability of PK parameters and improved
therapeutic effect.”*

Although approved in other countries, ilaprazole and an imidazopyridine-derived PPI (ie tenatoprazole) are not approved
for clinical use in the US and are currently undergoing preclinical and clinical evaluation. Ilaprazole has shown an extended
plasma half-life (ie, 3.6 hours) and metabolism not significantly influenced by CYP2C19 genetic polymorphism.®’ Likewise,
tenatoprazole offers a theoretical advantage over its benzimidazole cousins, as its prolonged half-life (~7-fold higher than
other PPIs) may aid in consistent acid suppression in the daytime as well as night-time; specifically reducing nocturnal gastric
acidification in healthy, H. pylori negative patients.”®”” A recent PK study investigated the metabolism of tenatoprazole via
CYP2C19 and CYP3A4 pathways in human liver microsomes,'*
in vitro. Le et al identified that the R-isomer of tenatoprazole is metabolized predominantly by CYP2C19, whereas the
S-isomer is metabolized via CYP2C19 and CYP3A4.'” Since CYP3A4 may compensate for decreased metabolism via
CYP2C19 pathway (ie IMs and PMs) the authors of the aforementioned study proposed isolating and administering just the

whereas previous PK studies investigated metabolism

S-isomer as it may lead to uniform PK parameters regardless of genotype, however, further investigation is needed to prove the
benefit over a racemic mixture and R-isomer.

A novel PPI, azeloprazole (Z-215), is primarily metabolized via CYP3A4. A study conducted by Kinoshita et al
showed that at weeks 4 and 8, 3 doses of Z-215 (10 mg, 20 mg, and 40 mg) were just as effective for the initial treatment
of reflux esophagitis as 10 mg dose of rabeprazole.'®’ High endoscopic healing rates for reflux esophagitis, were
observed with Z-215 administration, regardless of CYP2CI9 genotype.

PPIs are the mainstay therapy for GERD and have some unmet needs such as nocturnal acid breakthrough (NAB) (ie,
intragastric pH less than 4.0 lasting for greater than 1 hour during the overnight period) and CYP2C19 phenotype-related
variability. Tegoprazan (ie, a novel potassium-competitive acid blocker) has shown benefits in improving night symptoms
and does not depend on CYP2CI19, which makes it a potential therapy for patients experiencing GERD nightly
symptoms.'%* Recently, tegoprazan 25 mg was determined to be non-inferior to lansoprazole 15 mg in maintenance of
healing of GERD (LA grade A and grade B).'*® Tegoprazan also appeared to have a similar safety profile to lansoprazole.
In Japan, another novel potassium-competitive acid blocker vonoprazan (TAK-438), is clinically available to treat acid-
related diseases. Jenkins et al, demonstrated TAK-438 has potent, rapid acid inhibition and its pharmacokinetics were
unaffected by CYP2C19 genotype as it is primarily metabolized via CYP3A4 enzyme.'® The study also showed TAK-
438 might have advantages over existing acid-suppressing drugs, such as prevention of NAB, reduction in night-time
gastric acidity, and the ability to dose at any time regardless of meals.

Future Perspectives
Genetic variability in CYP2CI19 across continental populations is very common and confers a range of metabolism
phenotypes that have been clearly shown in the literature to influence pharmacokinetics and clinical responses to PPIs in
adults, and special populations. Substantial additional data support differential clinical outcomes based on CYP2C19
genotype and inferred CYP2C19 phenotype, and guidance is available from pharmacogenetic expert groups and the
FDA. Despite these facts, CYP2C19 genotype-guided PPI therapy has not seen widespread clinical uptake. The North
American Society for Pediatric Gastroenterology, Hepatology and Nutrition (NASPGHAN) treatment guidelines support
empiric PPI dose increase for refractory symptomatic GERD prior to esophageal pH testing, yet continue to exclude
genetic factors related to PPI metabolism in clinical practice guidelines.'®

To address this issue, an increased awareness of the relationship between CYP2C19 variability and PPI metabolism,
as well as the widespread availability and relatively low cost of CYP2CI19 genotyping is needed, especially among
frontline clinicians. This need can be met through large scale educational efforts. To date, many clinical pharmacoge-
nomic implementations have been developed and/or are currently led by pharmacists, so this group is a logical starting
point to increase awareness and advocate for practice change. Pharmacists can serve as champions to educate gastro-
enterologists within their institutions. There is also a dearth of published literature describing successful CYP2C19-PPI
implementations, with only a single such publication'® identified by the authors. Additional literature is needed
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describing challenges, lessons learned, and shared experiences surrounding CYP2C19 testing with PPIs from clinical
practice leaders in this area. One journal is publishing a series of articles on various successful clinical
implementations'®*'°” that should include experience with CYP2C19-guided PPI therapy.

As described above, emerging evidence suggests dose increases are appropriate for patients with GERD who
are CYP2C19 NM or RM. CPIC guidelines are updated regularly, and it would not be surprising if the GERD
indication is added into the updated recommendations. Within the clinical guidelines, it would be helpful to
establish common nomenclature to define GERD. Specifically, including language for treating GERD symptoms
prior to esophagogastroduodenoscopy will provide clarity as to whether the recommendations apply to this
population. Further, including LA grade into recommendations may also be of value as these patients have
been diagnosed with GERD. It will also provide additional clarity to clinicians when CPIC guidelines are updated
to provide guidance for genotype-guided dosing of PPIs in CYP2C19 NMs and RMs for GERD-related indica-
tions. Finally, CYP2C19 genotyping to guide PPI use should be addressed in gastroenterology guidelines. With the
widespread use, and overuse, of PPIs, genetic data can be an invaluable tool to optimize efficacy and avoid
adverse effects of PPIs.

Until CYP2CI19 genotyping is addressed in gastroenterology guidelines, we advocate for the incorporation of
CYP2C19 genotype data into the currently available guidelines, as illustrated in Figure 2. This hybrid application of

1 Consider preemptive PGx

On PPI Treatment? No— — »{ testing (i.e. CYP2C19 single
r @e or panel-based testing)*
Yes
l l l
Pathology based esophageal abnormalities indicating Persiste_nt heartb_urn and/_or requrgitation SIS
GERD without endoscopic appearance of reflux [especially atypical manifestations of GERD (i.e.,
esophagitis? unexplained chest pain, ENT symptoms)] despite 8

weeks of twice daily PPI therapy?

l J
I

Yes

v
Taking omeprazole @ consider PGx testing*, however,
lansoprazole pantopra’zole N no PGx-guided dosing recommendations

for esomeprazole and rabeprazole.
2
or dexlansoprazole? Consider divided daily dosing.

Yes

'

Consider PGx testing (i.e.
CYP2C19 single gene or
panel-based testing)* to

guide PPI dosing
\

; If PGx testing performed and results returned &

CYP2C19 IM or PM CYP2C19 NM or RM CYP2C19 UM

' . !

- Consider increasing dose by 50-100% if
on standard dosing.

- Consider increasing dosing frequency (twice
daily up to four times daily).

- Consider equivalent dose of alternative PPI
less dependent on CYP2C19 metabolism
(i.e. esomeprazole, rabeprazole).

- Consider increasing dose by 100% if on
standard dosing.

- Consider increasing dosing frequency (twice
daily up to four times daily).

- Consider equivalent dose of alternative PPI
less dependent on CYP2C19 metabolism
(i.e. esomeprazole, rabeprazole).

- Reevaluate for other underlying etiology of
persistent symptoms/treat coexistent
functional disease.

- When treatment efficacy is achieved,
consider a 50% dose reduction for chronic
therapy (>12 weeks).

Figure 2 Recommendations for PGx testing and PGx-guided PPl dosing for patients with GERD symptoms despite PPl treatment (Algorithm based on CPIC guidelines in
conjunction with ACG guidelines).
Note: *If PGx testing is performed, at minimum, ensure Tier | CYP2C[9 alleles (ie, *2, *3, *17) are included in genotyping assays.
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decision making based on clinical and genetic factors holds promise for optimizing patient outcomes while additional

evidence is accumulated and awareness of this important issue increases.
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