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Anaphylaxis is a systemic allergic reaction to various sub-
stances including medications, foods, and stinging insect
venom, characterized by acute onset of symptoms such as
hives, angioedema, bronchospasm, nausea/vomiting, diarrhea,
and/or hypotension. Currently there are no effective treat-
ments capable of preventing anaphylaxis, and the mainstay
of treatment is prevention by avoidance of triggers. However,
strict avoidance is not always possible, especially in the case of
food allergy, so standard of care consists of early recognition
of signs and symptoms and the use of injected intramuscular
epinephrine after a reaction has occurred [1]. In contrast, there
are situations in which a patient is intentionally exposed to an
allergen such as during skin testing, allergen immunotherapy
(IT), and drug desensitizations, all procedures that carry a risk
of a serious systemic reaction. Desensitizations to medications
are expensive and labor-intensive, as these typically require
inpatient admission due to the risk of potentially life-
threatening reaction [2]. Subcutaneous IT to pollens and
venom carries a small but real risk of anaphylaxis with each
injection, especially in the build-up phase, so they must be
administered under the direct care of a medical professional
[3]. While currently there are no approved therapies for food
allergy, several recently published clinical trials have demon-
strated success in delivering oral and sublingual food proteins
to induce a state of desensitization or sometimes even long-
term tolerance [1,4–6]. Some trials have used rapid (‘rush’)
desensitization protocols, which require inpatient hospitaliza-
tion with rapid dose escalation over hours to days. As with the
risks associated with IT to other substances, food IT also shows
potential for significant and/or life-threatening adverse reac-
tions, despite the fact that patients with a history of prior life-
threatening reactions are excluded from enrollment in these
trials. Recently, omalizumab (a humanized anti-IgE monoclonal
antibody) has been shown in several studies to improve toler-
ability of rush food IT, but it needs to be started at least
8 weeks (or longer) prior to starting IT, proving it to be costly
and not conducive to more urgent situations such as drug
desensitizations [7]. Thus, there is an unmet need for therapies
that can reduce the rate and/or severity of anaphylactic reac-
tions in the context of accidental exposures as well as during
desensitizations and IT.

Allergic anaphylaxis to foods, medications, and venom is
mediated by allergens binding to IgE attached to high-affinity
IgE receptors (FcεRI) on the surface of mast cells and baso-
phils, thereby cross-linking these receptors, which in turn
causes the rapid release of inflammatory mediators such as
histamine, prostaglandins, leukotrienes, tryptase, and cyto-
kines. Bruton’s tyrosine kinase (BTK) is an enzyme that is
located downstream of FcεRI and is essential for FcεRI-
mediated activation of mast cells and basophils [8–11]. The
importance of BTK in mediating systemic allergic responses is
demonstrated by earlier studies showing that BTK deficient
mice have impaired anaphylaxis in a model of passive cuta-
neous anaphylaxis (PCA) [12].

BTK is also located downstream of the B cell receptor and is
important in B cell maturation, signaling, and function.
Consequently, congenital BTK deficiency in humans results in
X-linked agammaglobulinemia, a disorder characterized by low
or absent numbers of circulating B cells and impaired humoral
responses to infections. Due to the importance of BTK in B cell
activation, pharmacologic inhibitors of BTK have been developed
for the treatment of B cell lymphomas and leukemias. Currently
there are only two BTK inhibitors that are FDA-approved for use
in humans: ibrutinib (Imbruvica; Janssen Pharmaceuticals and
Pharmacyclics Inc.) and dasatinib (Sprycel; Bristol-Myers
Squibb). However, dasatinib, which was designed to primarily
target the BCR/Abl kinase in Philadelphia chromosome positive
leukemias, has meager BTK inhibiting activity compared to ibru-
tinib, and thus would be a poor choice for BTK targeting. There
are several other BTK inhibitors in development, including (but
not limited to) acalabrutinib (ACP-196; Acerta), ONO/GS-4059
(Ono Pharmaceuticals), BGB-3111 (BeiGene), and PRN1008
(Principia Biopharma Inc.), which are currently in clinical trials.
Fortunately, pharmacologic inhibition of BTK appears to be clini-
cally very different from congenital BTK deficiency, presumably
because the bulk of B cell and plasma cell differentiation and
maturation has already occurred before a BTK inhibitor would be
used. Ibrutinib, which is an irreversible inhibitor of BTK, is very
well tolerated, with the most common side effect being nausea
or diarrhea. Very few patients stop taking ibrutinib due to side
effects or toxicity, though serious side effects such as bone
marrow suppression, bleeding, infection, cardiac arrhythmias,
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and hypertension have been reported with chronic use in
patients taking it for leukemia [13]. Some of the newer BTK
inhibitors in development have higher specificity for BTK (e.g.
acalabrutinib has no effect on EGFR or ITK), so they should have
fewer side effects and better safety profiles from the standpoint
of off-target effects [14]. Daily dosing appears to be necessary for
inhibition of rapidly dividing B cells in the setting of lymphomas
and leukemias. Mast cells, however, are long-lived and slow to
divide in tissues. Thus, it may be possible to utilize BTK inhibitors
to prevent allergic reactions in humans with minimal toxicity or
inhibition of B cells, especially if used as short-term therapies in
potentially life-threatening settings such as food or drug desen-
sitizations. If safe and successful, such an approach could yield
temporary ‘mast cell stabilizing’ pharmacologic properties with
rapid onset that have long been sought-after.

Supporting this concept, Chang et al. showed that ibrutinib
inhibits PCA in mice in vivo. Oral pretreatment (with doses
similar to those tested in humans in clinical trials) partially
inhibited allergen-mediated PCA. Notably, in some mouse
models, the function of BTK in FcεRI signaling can overlap
with other enzymes (e.g. interleukin-2-inducible T-cell kinase,
known as ITK) such that BTK inhibition may not completely
prevent FcεRI signaling in mouse cells [8,12]. Chang et al. also
tested ibrutinib for its ability to prevent activation of culture-
derived human mast cells in vitro [15]. Ibrutinib inhibited
release of histamine and PGD2 following FcεRI stimulation,
but not after stimulation with fMLP or ionomycin (which
activate non-BTK-dependent pathways), suggesting that its
effect is mediated by selective inhibition of BTK in human
mast cells. Ibrutinib also inhibited IgE-dependent release of
TNF-α, IL-8, and MCP-1 (CCL2) from mast cells [15]. Additional
studies using human basophils have also been promising.
MacGlashan et al. showed that treatment of human basophils
in vitro with ibrutinib inhibited IgE-mediated activation [9].
This was corroborated by data from the early clinical trials
for ibrutinib, when Advani et al. showed that basophils from
subjects taking ibrutinib for their lymphoproliferative disor-
ders had diminished IgE-mediated activation ex vivo in as
few as 4 h after the first ibrutinib dose [16]. This inhibition
was still pronounced at 24 h after the first dose, though by this
time IgE-mediated activation had partially recovered. These
results provide encouragement for the concept that BTK inhi-
bitors can inhibit or reduce the severity of anaphylactic
reactions.

To date, there are no published studies that demonstrate the
ability of BTK inhibitors to prevent anaphylaxis in vivo in humans,
but our group has recently published a pilot study in patients
with chronic lymphocytic leukemia (CLL) receiving ibrutinib to
test the hypothesis that ibrutinib would eliminate allergic reac-
tivity in adults with allergic rhinitis [17]. Enrolled subjects were
prescribed ibrutinib as standard of care for their CLL. Each of the
two subjects initially had a positive skin test to a single aeroaller-
gen, either cat dander or ragweed pollen, in addition to a posi-
tive basophil activation test (BAT). Just 1 week after starting
ibrutinib at 420 mg once daily, skin test wheal size was reduced
to zero, and flare size was nearly eradicated, though responses to
histamine, as expected, were unchanged. There was also a near
complete inhibition of basophil activation as measured by the ex
vivo anti-IgE-induced BAT, while non-IgE-mediated basophil

activation with fMLP, also as expected, showed little to no
change. These effects were sustained for 1–2 months during
continued ibrutinib therapy, the maximum time observed in
this study. Allergen-specific IgE and total IgE were unchanged
during this time; thus, it is likely that the diminished reactivity to
allergens was a direct result of reduced activation and degranu-
lation of mast cells in the skin due to BTK antagonism. In addi-
tion, we compared the potency and efficacy of ibrutinib versus
acalabrutinib in the BAT in vitro using human whole blood
samples. Dose-dependent inhibition was observed, with IC50s
of 40 and 105 nM, respectively, which are within the physiologic
range for patients on ibrutinib therapy.

Our study, along with others, have set the stage for future
efforts evaluating the potential episodic use of BTK inhibitors
to enhance the safety and efficacy of IT and desensitizations,
as well as for the prevention of anaphylactic reactions to foods
and other substances. Given their excellent safety and toler-
ability profiles, it may also be possible to utilize BTK inhibitors
on a more chronic basis for the treatment of other mast cell
disorders where reactions are more frequent or unpredictable,
such as idiopathic anaphylaxis, mast cell activation syndrome,
and mastocytosis, if these disorders prove to be mediated by
FcεRI or other BTK-dependent pathways.
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