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Pumpingmast cells out of allergic inflammation—
are proton pump inhibitors taking center stage?
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Mast cells are myeloid-lineage immune cells that originate
from pluripotent progenitor cells of the bone marrow. The
committed mast cell progenitors are released into the blood and
recruited to the tissues. Under the influence of mainly stem cell
factor and IL-3 in the tissues, they undergo differentiation to
mature mast cells. Althoughmature mast cells are present in most
tissues, they are most abundant in tissues that act as environ-
mental barriers, such as the skin and mucosal surfaces. Their
junctional location between the internal and the external envi-
ronment and the ease by which they become activated in response
to diffuse stimuli (temperature, physical forces, conserved mo-
lecular patterns in pathogens, and allergens) allow them to serve
as one of the first defense mechanisms against external insults.
Although the antigen, IgE, and high-affinity IgE receptor (FcεRI)
crosslinking axis is the most recognized mast cell activation
pathway, mast cells can be activated in response to pleotropic
stimuli, including cellular, viral, and bacterial triggers, through
immunoglobulin (eg, IgG) receptors and pathogen recognition
receptors (eg, Toll-like receptors), alarmins, lipids, and
complement.1

Mast cells promote inflammation in various diseases, most
notably IgE-dependent anaphylaxis and food allergies,1 and evi-
dence is accumulating supporting their role in IgE-independent
diseases, such as eosinophilic esophagitis (EoE), a chronic
food-induced inflammatory disease of the esophagus. In fact,
recent studies have shown that mast cell levels correlate with dis-
ease symptoms (eg, dysphagia) even more than eosinophil levels.
Mast cells likely contribute to the inflammation and tissue remod-
eling by secreting proinflammatory cytokines and chemokines,
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such as transforming growth factor b, which leads to fibrosis
and tissue dysfunction.2

A main characteristic of mast cells is their high content of
secretory granules that are filled with preformed mediators,
including proteases, cytokines, and histamine. In addition, mast
cells rapidly generate de novo inflammatory mediators, such as
eicosanoids. Mast cell granules are commonly described as
lysosome-like due to their acid content. Deficiencies in granule
homeostasis elicit changes in mast cell morphology and defects
in the integrity and activity of the granule constituents.3 Thus,
maintaining the acidic environment in the mast cell granule is
crucial for mast cell effector functions.

Proton pump inhibitors (PPIs) are a class of drugs that
covalently bind and inactivate H1/K1-ATPase, thereby inhibiting
acid secretion from the parietal gastric cells. Historically, PPIs
have been widely used for the treatment of acid-related diseases,
mainly gastroesophageal reflux disease and peptic ulcer disease.
However, in addition to their antisecretory effects, PPIs have anti-
oxidant and anti-inflammatory function likely due to their ability
to target multiple cell types, including lung and esophageal
epithelium, and endothelial and immune cells, perhaps augment-
ing their usage in patients with systemicmastocytosis, where their
action has been attributed to regulating gastric acid production.4,5

For example, PPIs efficiently block eotaxin 3 (CCL26) secretion
from epithelial cells by inhibiting signal transducer and activator
of transcription 6 phosphorylation and its binding to the eotaxin 3
promoter.6 This effect is likely important given the evolving clin-
ical relevance of PPIs in the treatment of EoE.7 A number of
epidemiologic studies have linked early-life exposure to PPIs as
substantial risk factors for the development of atopic disease,
including food allergies and EoE, although the operational mech-
anisms are unclear.8

Although PPIs are highly similar in their chemical and
pharmacologic properties, their signaling and metabolic path-
ways differ depending on the variations in their chemical
structure. For example, omeprazole and esomeprazole signal
through aryl hydrocarbon receptor (AhR), a ubiquitous nuclear
receptor involved in integrating multiple environmental signals.
Subsequently, activation of AhR leads to induction of the family
of CYP450 enzymes that in turn metabolize PPIs. In contrast, the
PPI rabeprazol is not a ligand for AhR nor a primary target of
CYP450 enzymes.9 In addition, it has been suggested that PPIs
block nongastric proton pumps, thereby changing intracellular
pH. This activitymay be critical for cellular responses that require
acidic pH for proper functioning (eg, mast cell granules). Indeed,
treatment of mast cells with bafilomycin, an acid-neutralizing
H1-ATPase inhibitor, decreases the protein composition of mast
cell granules.3 Taken together, these findings suggest that PPIs
can directly target mast cells through several mechanisms
involving inhibition of proton pumps and AhR signaling.

In this issue of the Journal, Kanagaratham et al10 report that
omeprazole inhibits mast cell activation and mast cell–dependent
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FIG 1. Suggested role of PPIs in the treatment of allergic inflammation. PPIs, such as omeprazole, attenuate

mast cell–dependent allergic responses by inhibiting mast cell differentiation and presumably by blocking

vacuolar-ATPase (V-ATPase), thus dysregulating the granule and cytosolic pH (indicated by a change in the

color of the granule from blue to yellow), attenuating the IgE-mediated signaling and transcriptional

response, and decreasing the Ca21 level required for efficient mast cell degranulation. It is conceivable that

PPIs can directly signal via the mast cell AhR, as has been demonstrated for other cell types. PPIs are bene-

ficial in the treatment of IgE- and non–IgE-mediated responses, such as EoE, by decreasing secretion of

proinflammatory cytokines and the eosinophilic chemoattractant eotaxin-3 and exhibiting antiproliferative

and antifibrotic activity either directly or indirectly (by affecting other cells). In addition to blocking cellular

proinflammatory mediators, PPIs decrease the gastric acid secretion that contributes to inflammation.

Collectively, PPIs are emerging as an effective treatment for allergic inflammatory disorders.

J ALLERGY CLIN IMMUNOL

nnn 2020

2 BEN BARUCH-MORGENSTERN, ROCHMAN, AND ROTHENBERG
pathology. The authors demonstrate that in presensitized mast
cells, omeprazole blocks mast cell degranulation and thereby the
release of preformed mediators and proinflammatory cytokines,
including IL-4, IL-13, and TNF-a. Mechanistically, following
exposure to omeprazole, IgE-sensitized mast cells exhibit reduced
phosphorylation levels of spleen tyrosine kinase and extracellular
signal regulated kinase proteins, key kinases in the antigen, IgE,
and FcεRI signaling cascade, and decreased cytosolic Ca21, which
is crucial for the granule exocytosis process. In addition, the inves-
tigators demonstrate that omeprazole dysregulates the pH of mast
cell granules and mast cell cellular morphology. The latter change
resembled the effect of bafilomycin, suggesting a common mech-
anism of action. Finally, Kanagaratham et al10 demonstrate that
omeprazole blocks mast cell maturation in vitro and in vivo,
dampens passive IgE-mediated anaphylaxis, and attenuates mast
cell–dependent allergic inflammation in a murine model of food
allergy.

Collectively, Kanagaratham et al10 provide interesting new
insight into the emerging role of PPIs in treating allergic inflam-
mation. Although the study is primarily focused on IgE-mediated
responses, the findings may apply to non–IgE-mediated, mast
cell–associated diseases, such as EoE and sinusitis with nasal
polyposis, in which PPI therapy has been shown to have beneficial
effects, likely unrelated to simply neutralizing gastric acid.6,7 The
ability of omeprazole and likely other PPIs to block mast cell dif-
ferentiation and cytokine secretion complements their previously
described anti-inflammatory and antifibrotic effects (Fig 1).
A better understanding of the cellular responses to PPIs, including
the acid-independent effects through AhR signaling, will likely
advance their use as emerging antiallergy drugs.
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