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Introduction
Anaphylaxis is an acute, potentially life-threatening systemic  
allergic reaction characterized by urticaria, angioedema, bron-
chospasm, nausea/vomiting, abdominal cramping, diarrhea, 
hypotension, and/or shock (1). IgE-mediated anaphylaxis 
requires antigen cross-linking of FcεRI-bound IgE on the surface 
of mast cells and basophils, initiating the release of mediators 
including histamine, tryptase, prostaglandins, leukotrienes, and 
cytokines (2). No known therapies are capable of reliably prevent-
ing anaphylaxis, so standard of care entails avoidance of trigger-
ing agents as well as prompt treatment with epinephrine after a 
reaction has already begun (1). However, allergen avoidance is 
not always possible, and accidental exposures often occur, espe-
cially in the case of foods or stinging insects. In addition, patients 
are intentionally exposed to known allergens during diagnostic 
and therapeutic procedures such as allergen skin testing, immu-
notherapy, and drug or food desensitizations, all of which have 
a risk of a serious and/or life-threatening reaction (1, 3). Unfor-
tunately, even with rapid and comprehensive medical treatment, 
anaphylaxis can be fatal (1). Therefore, there is an unmet need 
for therapies that can reduce the frequency and/or severity of 
IgE-mediated anaphylactic reactions from both accidental and 
therapeutic exposures to allergens.

Bruton’s tyrosine kinase (BTK) is a key component of FcεRI 
signaling in human mast cells and basophils (4–6), and thus rep-

resents an attractive target for preventing IgE-mediated responses  
in these cells. Based on the dependence of B cell signaling and 
survival on BTK activity (7), pharmacologic agents targeting BTK 
are now FDA-approved for the treatment of B cell malignancies. 
Ibrutinib and acalabrutinib are both oral, FDA-approved irrevers-
ible BTK inhibitors (BTKis) and are generally well tolerated (8–10). 
We have previously shown in a small pilot study that 2 standard 
doses of ibrutinib can reduce or eliminate skin prick test reactiv-
ity to peanut and tree nuts in healthy allergic adults, without any 
observed toxicity or side effects even when given for up to 1 week 
(11). Therefore, we hypothesized that clinically relevant doses of 
BTKis would successfully prevent IgE-mediated anaphylaxis.

Results
BTKis prevent IgE-mediated degranulation and cytokine release in 
primary human mast cells and basophils. We and others have pre-
viously shown that in vitro pretreatment of human basophils with 
the first-generation BTKi ibrutinib or the second-generation BTKi 
acalabrutinib abolishes their IgE-mediated activation (6, 12–14), 
and that 2 FDA-approved doses of ibrutinib prevents IgE-mediated  
basophil activation ex vivo (11). Prior studies have also demon-
strated ibrutinib’s ability to inhibit IgE-mediated degranulation 
in canine neoplastic mast cells (15). We therefore sought to inves-
tigate the effects of BTKis on IgE-mediated activation of human 
mast cells. Primary human skin-derived mast cells (SDMCs) were 
isolated from discarded normal skin fragments as previously pub-
lished (16). After 4 weeks in culture, SDMCs from each donor 
achieved 70%–90% purity as assessed by flow cytometry (Supple-
mental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI138448DS1). SDMCs showed 
excellent IgE-mediated degranulation responses; the average 
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ibrutinib nearly abolished IgE-mediated bronchial contraction in 
a dose-dependent manner (P < 0.0001 by 2-way ANOVA; Figure 
2A). At 100 nM and 1 μM, ibrutinib virtually eliminated contrac-
tion to even the maximally effective concentration of 1 μM anti-
IgE, suggesting complete or near-complete blockade of histamine 
and cysteinyl leukotriene release. Ibrutinib had no effect on the 
maximal contraction of bronchial tissue achieved by cholinergic 
agonists; maximal contraction evoked by carbamylcholine aver-
aged 6.1 ± 1.0 g and 6.3 ± 1.2 g in control- and ibrutinib-treated 
tissues, respectively (P = 0.7232). As expected, up to 1 μM ibruti-
nib had no effect on contraction induced by exogenously applied 
histamine, signifying that bronchial histamine responsiveness 
remained intact (P = 0.2952; Figure 2B). The average EC50’s for 
histamine were 6.35 ± 0.07 μM in vehicle-treated and 6.55 ± 0.21 
μM in ibrutinib-treated bronchi, and the average maximal hista-
mine-induced contraction was 85% in both vehicle- and ibrutinib- 
treated tissues. These data suggest that clinically relevant con-
centrations of BTKis can prevent IgE-mediated bronchospasm 
through the inhibition of mast cell mediator release.

NSG-SGM3 mice inoculated with human CD34+ cells can be 
used as a novel humanized mouse model of anaphylaxis without 
prior irradiation or surgical implantation of human tissue. We next 
sought to test the ability of BTKis to prevent IgE-mediated ana-
phylaxis in a preclinical model in vivo. Because of differences in 
its role in FcεRI signaling between murine and human cells, BTK 
elimination is not sufficient to prevent FcεRI-mediated signaling 
in murine cells or anaphylaxis in WT mice, as we and others have 
shown (5, 18–20). We therefore sought to use “humanized mice” 
that are engrafted with human leukocytes including human mast 
cells and basophils. NOD scid gamma (NSG) mice are highly 
immunodeficient, making them ideal for humanization. In the 
NSG-SGM3 strain, transgenes for human IL-3, GM-CSF, and 
SCF allow for the expansion and maturation of human hemato-
poietic cells (21–23). Previously published models of passive sys-
temic anaphylaxis (PSA) in NSG-SGM3 mice entail irradiation or 
chemical ablation of the murine bone marrow, surgical implan-
tation of human fetal liver and thymic tissue, and subsequent i.v. 
injection of human cord blood CD34+ stem cells (HSCs), creat-
ing “bone marrow, liver, thymus” (BLT) mice. BLT mice demon-
strate good engraftment of human leukocytes and significant 
responses during PSA, including its regulation by human mast 
cell–targeting agents (24, 25).

We sought to create a simpler and less burdensome human-
ized mouse model for use in PSA experiments. We hypothesized 
that NSG-SGM3 mice could adequately support the growth and 
maturation of functional human myelogenous leukocytes includ-
ing mast cells and basophils without human fetal tissue implan-
tation. Additionally, given that human IgE cannot bind to murine 
FcεRI receptors (26), we hypothesized that irradiation of the 
murine bone marrow would not be necessary for such a model 
to be used for induction of passive anaphylaxis using human IgE. 
Our results show that after a single i.v. injection of HSCs at 3–4 
weeks of age, NSG-SGM3 mice demonstrated early engraftment 
of human leukocytes in as few as 4 weeks after HSC injection, and 
continued to populate over time, resulting in extensive engraft-
ment by 16 weeks (Figure 3A). Both human CD45+ (hCD45+) and 
murine CD45+ (mCD45+) leukocyte subsets were detected in 

percent of total β-hexosaminidase release of SDMCs following 
passive sensitization with human biotinylated IgE and cross- 
linking with streptavidin was 40.7% over unstimulated cells 
(data not shown). Pretreatment of SDMCs for 15 minutes with 
irreversible inhibitors of BTK (ibrutinib, acalabrutinib, or tirabru-
tinib) immediately before IgE-mediated activation completely 
abolished their degranulation in a dose-dependent manner as 
measured by both percent of total β-hexosaminidase release (P < 
0.0001 by 2-way ANOVA; Figure 1A) and upregulation of the sur-
face activation markers LAMP1 and CD203c as assessed by flow 
cytometry (P < 0.0001 for both markers; Figure 1B). Inhibition of 
degranulation was achieved at clinically relevant concentrations 
with average IC50’s of 40, 222, and 309 nM for ibrutinib, acal-
abrutinib, and tirabrutinib, respectively. 

We next investigated whether or not BTKis could prevent 
IgE-mediated de novo cytokine synthesis in human mast cells. 
Data showed that BTKis significantly prevented IgE-mediated 
cytokine secretion from SDMCs in a dose-dependent manner (Fig-
ure 1C). At 1 μM, ibrutinib and acalabrutinib reduced the release of 
IL-6 from 1.98 ± 0.62 pg/mL in vehicle-treated cells to 0.36 ± 0.12 
and 0.33 ± 0.13 pg/mL, respectively (P < 0.0001 by 2-way ANO-
VA), IL-8 from 18.28 ± 11.42 to 0.14 ± 0.08 and 0.45 ± 0.29 pg/mL 
(P = 0.0027), IL-10 from 0.27 ± 0.17 to 0.02 ± 0.01 and 0.02 ± 0.01 
pg/mL (P = 0.0100), MCP-1 from 17.61 ± 5.90 to 4.01 ± 1.70 and 
4.19 ± 1.21 pg/mL (P < 0.0001), and GM-CSF from 103.59 ± 70.04 
to 0.07 ± 0.02 and 0.20 ± 0.15 pg/mL (P = 0.0024), and trended 
toward suppression of TNF-α production from 47.08 ± 44.47 to 
0.04 ± 0.01 and 0.09 ± 0.06 pg/mL (P = 0.0768).

Inhibitory effects on SDMCs gradually waned over several 
days after a single 15-minute treatment and subsequent washout 
of irreversible BTKis before IgE cross-linking in the absence of 
drug (P < 0.0001; Figure 1D), suggesting recovery due to de novo 
synthesis of new BTK over this time. In line with prior data, pre-
treatment of human basophils for 15 minutes in vitro with tirabru-
tinib, another second-generation inhibitor, was equally as effec-
tive (IC50 336 nM), albeit less potent, as ibrutinib (IC50 40 nM) and 
acalabrutinib (IC50 150 nM) at preventing IgE-mediated activation 
as assessed by flow cytometric basophil activation testing (Figure 
1E). Collectively, our data demonstrate that irreversible BTKis 
consistently prevent IgE-mediated activation of human mast cells 
and basophils in vitro.

BTKis prevent IgE-mediated bronchoconstriction in human lung 
tissue. We have previously shown that IgE-mediated bronchial 
contractions are virtually abolished by blockade of both H1 his-
tamine and cysteinyl leukotriene receptors in vitro (17). However, 
even 1% or 2% of total histamine release from human bronchial 
mast cells is sufficient to cause the strong contraction of airway 
smooth muscle, and thus even a near-complete blockade of H1 
receptors in vivo cannot prevent bronchoconstriction during ana-
phylaxis. Given that BTKis can completely prevent IgE-mediated 
degranulation of human mast cells and basophils in vitro, we next 
tested the hypothesis that they would also eliminate IgE-mediated  
bronchoconstriction by preventing activation of tissue-resident 
mast cells in the lung. Dissected human bronchi were pretreated  
with ibrutinib or vehicle for 30 minutes, and then anti-IgE–
induced bronchoconstriction was assessed via increases in iso-
meric tension as previously described (17). Pretreatment with 
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Figure 1. BTKis abrogate IgE-mediated mast cell and basophil activation and cytokine production in vitro. (A) Human SDMCs were passively sensitized 
with 50 ng/mL human biotinylated IgE overnight, then pretreated with BTKis for 15 minutes and activated for 1 hour with 100 ng/mL streptavidin to 
cross-link IgE. Percentage of total β-hexosaminidase (β-hex) release was determined via colorimetric assay. n = 4–5 using SDMCs from different donors. 
(B) SDMCs were treated with BTKis and activated as above, then incubated with fluorescently labeled antibodies against LAMP1 and CD203c before 
analysis by flow cytometry. Percentage of LAMP1+ and mean MFI of CD203c were measured in cKit+ cells. n = 4 different donors. (C) SDMCs were treated 
with BTKis for 15 minutes and then washed before IgE cross-linking as above. Twenty-four hours later, cytokine concentrations as indicated were assayed 
in supernatants using a fluorescent multiplex assay. n = 3–7 different donors. Dotted lines indicate basal secretion by unstimulated cells. (D) To determine 
the duration of BTKis’ effects, SDMCs were exposed to 1 μM BTKis for 15 minutes and washed at the indicated time points before activation with IgE and 
assessment of β-hex release as above. n = 3 different donors. (E) The indicated BTKis were added to anticoagulated human whole-blood samples for 15 
minutes before activation with anti-FcεRIα antibody (solid lines) or fMLP (dashed lines) as a control. Basophil activation was assessed by CD63 surface 
upregulation by flow cytometry. n = 4–6 different donors. All data are displayed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
compared with vehicle-treated cells by 2-way ANOVA with repeated measures.
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dependent manner. For instance, 500 μg of NP-BSA challenge 
resulted in severe and often fatal anaphylaxis (average maxi-
mum core temperature drop of –4.47°C, with 48% mortality), 
while challenge with a 20-μg dose of NP-BSA resulted in mod-
erate anaphylaxis (average maximum temperature drop of 
–3.91°C, 11% mortality), and administration of 5 μg of NP-BSA 
resulted in mild anaphylaxis (average maximum temperature 
drop of –3.11°C, 0% mortality). As expected, mice that were 
not engrafted with HSCs showed no response to human IgE 
sensitization during PSA, and mice sham-sensitized with PBS 
instead of IgE showed no anaphylactic response during chal-
lenge (Figure 5B). This preclinical mouse model involving 
human FcεRI-bearing cells thus allowed for the investigation 
of BTKis’ ability to prevent a range of PSA responses.

Acalabrutinib completely prevents moderate anaphylaxis 
during PSA in humanized mice. We next tested the hypoth-
esis that BTKis can prevent anaphylaxis in vivo. Acalabruti-
nib had recently achieved FDA approval and was therefore 
chosen for use in mouse experiments for its higher selec-
tivity for BTK and more favorable safety profile compared 
with ibrutinib. Engrafted NSG-SGM3 mice were sensitized 
with human anti-NP IgE as above and then pretreated with 

acalabrutinib by oral gavage 16 and 4 hours before NP-BSA chal-
lenge. Two doses of 15 mg/kg of acalabrutinib completely inhib-
ited anaphylactic responses during moderate PSA (20 μg NP-BSA 
challenge) with an average maximum body temperature decline 
of –0.369°C and 0% mortality compared with treatment with 
vehicle (average maximum temperature decline of –3.678°C and 
11% mortality; P = 0.0015 by 2-way ANOVA; Figure 6A). Mice 
receiving this dose of acalabrutinib also showed no increase in 
clinical score during PSA; consequently, based on scoring and 
core temperature, their PSA response was not significantly dif-
ferent from that of mice sham-sensitized with PBS instead of IgE. 
Two lower doses of 1.5 mg/kg of acalabrutinib provided partial 
protection compared with vehicle (average maximum tempera-
ture drop of –2.577°C). To determine acalabrutinib’s duration of 
protection against anaphylaxis, engrafted NSG-SGM3 mice were 
pretreated with 2 doses of 15 mg/kg acalabrutinib as above, then 
subsequently sensitized and then challenged with 20 μg NP-BSA 
either 2 days or 7 days after the second dose of acalabrutinib. 
Results show that acalabrutinib pretreatment maintained par-
tial, though not significant, protection against moderate PSA for 
2 days (P = 0.1007; Figure 6B), but did not impart any protection 
7 days after dosing (P = 0.8342; Figure 6C).

Acalabrutinib partially protects against fatal anaphylaxis during 
severe PSA in humanized mice. To test the hypothesis that acal-
abrutinib can protect against severe and even fatal anaphylaxis,  
we used the above PSA model employing a 500-μg antigen chal-
lenge dose. Engrafted NSG-SGM3 were sensitized as above and 
pretreated with 2 doses of 15 mg/kg of acalabrutinib by oral 
gavage at 16 and 4 hours before challenge with 500 μg NP-BSA. 
Mice pretreated with acalabrutinib had reduced clinical responses 
during severe PSA, with lesser core body temperature drop com-
pared with mice pretreated with vehicle (–3.232°C vs. –4.179°C;  
P = 0.0121; Figure 6D). Additionally, mice pretreated with acal-
abrutinib demonstrated a faster recovery time, beginning to show 
a rebound in body temperature at 40 minutes after challenge com-

whole blood at all time points, though, as expected, hCD45+ cells 
increased over time, while mCD45+ cells proportionally decreased 
(Figure 3, B and H). Defined populations of hCD45+Siglec-8+ 

CD203c+ cells were observed in whole blood of engrafted mice, 
demonstrating the presence of circulating human mast cell and/
or basophil progenitors (Figure 3D). Populations of circulating 
human lymphocytes, eosinophils, monocytes, and NK cells were 
also observed (Figure 3, C, E, F, and G, respectively). At 16 weeks 
after HSC injections, mature human mast cells and basophils 
were detected in blood, spleen, bone marrow, and peritoneum as 
assessed by flow cytometry (Figure 4, A and C). Finally, mature 
human tissue-resident mast cells were detected in the organs of 
engrafted mice, including the skin, lung, intestine, stomach, and 
tongue (Figure 4, B, D, and E). Populations of mature murine mast 
cells were also observed, as expected (Figure 4, D and E). Interest-
ingly, human mast cells constituted  higher percentages of CD45+ 
cells in the spleen (average 6.07%), stomach (4.63%), and peri-
toneal cavity (41.77%) compared with murine mast cells (0.15%, 
1.40%, and 6.90%, respectively), whereas human mast cells were 
less numerous in the lung (1.79%), tongue (1.92%), and skin (back 
skin 2.84%, ear skin 0.61%) compared with murine mast cells 
(1.98%, 5.77%, 9.12%, and 7.25%, respectively). Overall, these 
data demonstrate that NSG-SGM3 mice support the growth and 
maturation of human tissue-resident mast cells without prior mar-
row irradiation or surgical human tissue implantation.

NSG-SGM3 humanized mice serve as a robust model of human 
anaphylaxis wherein the response severity can be controlled. About 
16 weeks after engraftment with a single i.v. injection of HSCs, 
NSG-SGM3 mice were passively sensitized using human chimeric 
IgE specific to 4-hydroxy-3-nitrophenylacetyl (NP). Mice showed 
a robust clinical response to subsequent NP-BSA challenge 
as demonstrated by a decrease in core body temperature and 
increase in clinical scoring (Figure 5, A and B, and ref. 27). In this 
model, alterations in the amount of NP-BSA antigen used for chal-
lenge produced differences in PSA response severity in a dose- 

Figure 2. Ibrutinib effectively blocks anti-IgE–induced contraction of human 
bronchi. Isolated human bronchi were pretreated with ibrutinib or vehicle for 30 
minutes, and then anti-IgE–induced contraction was measured. (A) Cumulative 
concentration-response curves for anti-IgE–induced contractions are shown for 
vehicle- and ibrutinib-treated tissues. Contraction is expressed as a percentage 
of the maximal obtainable contraction evoked by carbamylcholine (100 μM)  
added at the end of the experiment. n = 4 using bronchi from different donors. 
(B) Percentage of maximal contraction as achieved by treatment with exoge-
nous histamine is shown for tissues treated with vehicle or 1 μM ibrutinib. n = 2 
from different donors. All data are displayed as means ± SEM. ****P < 0.0001 
compared with vehicle-treated tissues by 2-way ANOVA with repeated mea-
sures. NS, not significant by 2-tailed paired Student’s t test.
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Figure 3. HSC-engrafted NSG-SGM3 mice have detectable circulating human leukocytes as early as 4 weeks after HSC injection. NSG-SGM3 mice under-
went a single i.v. injection of cord blood HSCs. (A) Whole-blood samples taken at 4, 8, 12, and 16 weeks after HSC injection were incubated with fluores-
cently conjugated antibodies against a panel of human (h) and murine (m) cell surface markers as indicated and analyzed by flow cytometry. Represen-
tative flow plots from 3 separate experiments are shown for each time point. Quadrant and gate population percentages represent the percentage of the 
parent gate. (B–I) Percentages of cells that are human (B–G) and murine (H and I) are displayed as leukocyte subsets at the indicated time points after HSC 
injection; n = 5–8 mice per group. WT mice (C57BL/6J) and non-engrafted NSG-SGM3 mice are included as controls. All data are displayed as means ± SEM.
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pared with mice pretreated with vehicle, which began to recover 
at 60 minutes after challenge. Remarkably, acalabrutinib pretreat-
ment was significantly protective against death during severe PSA, 
with a mortality rate of 13% compared with 39% mortality in mice 

pretreated with vehicle (P = 0.0365; Figure 6E). Collectively, these 
data demonstrate that 2 clinically relevant doses of acalabrutinib 
can rapidly and completely protect against moderate anaphylaxis 
and prevent death during severe anaphylaxis.

Figure 4. HSC-engrafted NSG-SGM3 mice support the accumulation, growth, and maturation of human tissue-resident mast cells. NSG-SGM3 mice 
underwent a single i.v. injection of cord blood HSCs. At 16 weeks after HSC injection, mice were sacrificed, and whole blood and organs were harvested 
and processed for detection of human and mouse mast cells and blood basophils/mast cell precursors. Single-cell suspensions were incubated with the 
indicated fluorescently conjugated antibodies and analyzed by flow cytometry. Cells were gated on mouse CD45+ (mCD45) versus human CD45+ (hCD45), 
and then among human cells, human cKit+ (hcKit) and human FcεRI+ (hFcεRI) cells were analyzed for CD203c and Siglec-8 expression. Representative flow 
plots from 3 separate experiments are shown for spleen, bone marrow, peritoneal lavage, and whole blood (A) and for various indicated solid organs (B). 
Quadrant and gate population percentages represent the percentage of the parent gate. (C) Mast cell precursors were quantified as a percentage of hCD45+ 
cells in blood and bone marrow; n = 3 mice per group. (D and E) Mature human and murine tissue-resident mast cells were quantified as a percentage of 
hCD45+ or mCD45+ cells, respectively (D), and of total cells (E); n = 3 mice per group. All data are displayed as means ± SEM.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 7 6 5jci.org   Volume 130   Number 9   September 2020

Discussion
We herein show complete clinical protection from moderate- 
severity IgE-mediated anaphylaxis using pretreatment with just 
2 oral doses of the BTKi acalabrutinib in what we believe to be a 
novel, simplified, less costly, and more humane animal model for 
PSA. With irradiation and/or chemotherapy ablation of the bone 
marrow plus surgical implantation of human fetal liver and thymic 
tissues, prior models using NSG-SGM3 have proven to be valuable 
for hypersensitivity disorders and PSA as has been demonstrated 
in prior studies (24, 25, 28, 29). Our data here demonstrate that 
NSG-SGM3 mice can still adequately engraft human leukocytes 
after a single i.v. injection of HSCs without survival surgery or prior 
bone marrow ablation. To our knowledge, this is the first demon-
stration of this model’s ability to support the growth of human 
tissue-resident mast cells and its utility for performing PSA exper-
iments. Analysis of whole blood and organ tissues displayed pop-
ulations of both hCD45+ and mCD45+ cells after HSC injection, 
indicating that human HSCs can engraft alongside murine cells in 
the murine bone marrow and proliferate to create mature human 
leukocytes (Figures 3 and 4). Additionally, data demonstrated the 
presence of mature human tissue-resident mast cells in the organs 
of engrafted NSG-SGM3 mice (Figure 4). Therefore, the presence 
of human liver and/or thymic tissue is not necessary for human 
mast cell growth or maturation (24).

As NSG-SGM3 mice constitutively express serum levels 
of SCF that are comparable to those found in healthy humans 
(23, 30), the human mast cells in these mice are unlikely to be 
phenotypically hyperproliferative or overactive, but this was 
not specifically analyzed. We did, however, find that the organ 

distribution of human mast cells in this model differed from 
that of murine mast cells. Specifically, human mast cells far 
outnumbered murine mast cells in the peritoneal cavity, spleen, 
and stomach, but were relatively sparse in the skin. This altered 
tissue distribution, in addition to species differences in human 
mast cell versus murine mast cell mediator content and other 
factors, may alter the physiologic anaphylactic response during 
PSA in humanized mice compared with WT mice. For example, 
the lack of human mast cells in the skin may have reduced the 
pruritus and scratching behavior that are typically observed 
during PSA in WT mice. Nonetheless, by variation of the amount 
of NP-BSA used for challenge in this model, PSA severity and 
mortality rate can be titrated, allowing for control over the 
severity of the anaphylactic response (Figure 5). This allowed 
us to test the ability of BTKis to prevent mild to moderate ana-
phylaxis as well as fatal anaphylaxis, which cannot be ethical-
ly tested in humans. Despite the presence of mature murine  
tissue-resident mast cells, non-engrafted NSG-SGM3 mice did 
not show any anaphylactic response to sensitization with human 
IgE, in line with previously published reports that human IgE 
cannot bind to murine FcεRI receptors (26). Thus, the presence 
of circulating murine leukocytes does not appear to influence 
passive anaphylaxis experiments using human IgE, and abla-
tion of the bone marrow before engraftment is not necessary for 
adequate engraftment of human HSCs. It should be noted that 
although NSG mice (which do not have human cytokine trans-
genes) can still mount human antibody responses to antigen 
without prior surgical implantation of human tissues (31), the 
addition of human tissues is thought to augment the maturation 

Figure 5. HSC-engrafted NSG-SGM3 mice serve as a robust model of human anaphylaxis. (A) Schema of engraftment and PSA protocol. (B) Engrafted 
NSG-SGM3 mice were sensitized with a single i.v. injection of 1.6 μg of human anti-NP IgE and then 24 hours later were challenged with a single i.v. injection 
of 5, 20, or 500 μg of NP-BSA to induce mild, moderate, or severe PSA, respectively. Mice sensitized with PBS instead of IgE and NSG-SGM3 mice that were 
not engrafted with HSCs were used as controls. The PSA response was assessed by (i) decrease in core body temperature and (ii) clinical scoring every 10 
minutes for at least 1 hour after challenge. Body temperature measurements were ceased after death; therefore, only the surviving mice at each time point 
are included in averages. All data are displayed as means ± SEM. n = 3–4 mice per group.
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Figure 6. Acalabrutinib pretreatment completely inhibits moderate PSA and partially protects against fatal PSA in humanized mice. (A) HSC-engrafted 
humanized mice were sensitized and then pretreated with 2 doses of acalabrutinib (1.5 or 15 mg/kg via gavage) or vehicle control at 16 and 4 hours before 
challenge with 20 μg NP-BSA to elicit moderate PSA. Core temperature drop from baseline (left) and clinical scores (right) are shown as measures of 
clinical response during PSA. Body temperature measurements were ceased after death; therefore, only the surviving mice at each time point are included 
in averages. Data are pooled from 3 independent experiments; n = 6–9 total per group. (B and C) To investigate the duration of acalabrutinib’s protection, 
engrafted humanized mice were sensitized and pretreated with acalabrutinib as described in A, except that NP-BSA challenge was performed either 2 
days (B) or 7 days (C) after the last oral dose of acalabrutinib. Data are pooled from 3 separate experiments; n = 11–17 total per group. (D) To investigate 
acalabrutinib’s ability to prevent fatal anaphylaxis, engrafted humanized mice were sensitized and pretreated with 15 mg/kg acalabrutinib or vehicle, 
except a higher challenge dose (500 μg NP-BSA) was given to elicit a more severe PSA response. Data shown are pooled from 6 separate experiments; N = 
24–27 total per group. (E) The Kaplan-Meier survival curve from experiments in D is shown for both the acalabrutinib- and vehicle-treated groups. All data 
were analyzed using 2-way ANOVA with repeated measures with the exception of the mortality rate in E, which was analyzed using χ2 analysis. All data are 
displayed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with PBS control group.
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was well tolerated and showed no detectable toxicity in healthy 
adults with food allergy (11).

Collectively, our data suggest that acalabrutinib pretreatment 
is remarkably protective against IgE-mediated human mast cell 
secretion in vitro and anaphylaxis in humanized mice in vivo, with 
a rapid onset and relatively short duration of action once discon-
tinued. As a covalent inhibitor of BTK, acalabrutinib displays pro-
longed inhibitory effects in vivo despite a relatively short serum 
half-life of roughly 1 hour (35, 49, 50). Owing to pharmacokinetic 
differences between mice and humans, 15-mg/kg oral dosing in 
mice and the FDA-approved 100-mg dose in humans both result 
in nearly 100% BTK occupancy in splenocytes as soon as 3 hours, 
and up to 24 hours, after a single dose (35). Interestingly, our data 
showed that partial protection from anaphylaxis was achieved with 
1.5 mg/kg dosing, which corresponds to roughly 50% BTK occu-
pancy in splenocytes in mice, demonstrating that partial clinical 
protection can be achieved even without full BTK inhibition. Thus, 
our data show that 2 clinically relevant oral doses of acalabrutinib 
completely prevented moderate anaphylaxis and significantly pro-
tected against death during severe anaphylaxis (Figure 6). This 
protection was only partially sustained for 2 days after the last 
dose, demonstrating that the effects of irreversible BTKis on pre-
vention of anaphylaxis are temporary. While not specifically stud-
ied, the kinetics of recovery provides some insight into the rate of 
turnover of BTK in mast cells, given that the only logical way for 
these irreversible inhibitors to lose their activity is via cell prolifer-
ation or synthesis of new BTK in the absence of drug. Furthermore, 
the transience of the effects of BTKis may be beneficial in terms 
of their safety profile, especially when they are used intermittently 
to prevent anaphylaxis. For instance, it may be possible to episodi-
cally use short courses of BTKis to prevent IgE-mediated reactions 
including anaphylaxis during a number of clinical procedures such 
as rush food or venom immunotherapy or drug desensitizations.

The choice to use 2 doses of acalabrutinib in the animal mod-
els was drawn from our prior work showing that 2 FDA-approved 
doses of 420 mg of ibrutinib markedly reduces food skin prick 
test size in food-allergic adults (11). Prior studies have shown 
that a single FDA-approved oral dose of ibrutinib or acalabru-
tinib achieves nearly 100% BTK occupancy in peripheral blood 
mononuclear cells within just 3–4 hours (14, 35). While we did 
not investigate the efficacy of 1 dose of acalabrutinib in human-
ized mice, it may be possible that 1 dose would be sufficient to 
protect against anaphylaxis. The penetrance of BTKis into vari-
ous tissues where mast cells reside is unknown. We and others 
have demonstrated their rapid efficacy in preventing IgE-medi-
ated activation of circulating basophils (6, 11, 13, 14), but it is 
unknown whether these drugs would fully inhibit IgE-mediated 
activation of tissue-resident mast cells in multiple organs such 
as the lung, skin, and gastrointestinal tract.

In conclusion, selective inhibitors of BTK can prevent IgE- 
mediated degranulation and cytokine production in human mast 
cells and prevent IgE-mediated anaphylaxis in humanized mice. 
To our knowledge, this is the first report of an oral drug’s ability 
to completely prevent human mast cell–mediated anaphylaxis. A 
logical next step for future studies would be to examine the safety  
and efficacy of BTKis in preventing anaphylaxis in humans. If 
effective, these drugs may have the potentially paradigm-changing 

of human lymphocytes in other humanized mouse models (32). 
Therefore, it is unknown whether the herein-described model 
of humanized NSG-SGM3 mice could also be used for allergen 
sensitization models, but this seems unlikely.

Current therapies for treating allergic responses are restricted  
to blocking signs and symptoms caused by mediators such as 
histamine and leukotrienes, which are just a few of the many 
mediators released by activated mast cells and basophils. No 
known therapies are capable of preventing anaphylaxis, includ-
ing antihistamines, because mediators other than histamine are 
involved in severe reactions including hypotension and shock 
(33). Therefore, targeting all IgE-mediated signaling through the 
FcεRI pathway upstream of mediator release would be an optimal 
approach for preventing anaphylaxis to any antigen. The FcεRI 
pathway includes multiple kinases other than BTK, including Syk, 
Lyn, Fyn, PI3K, and others. As a first-generation BTKi, ibrutinib 
has several off-target effects, including inhibition of Lyn and Fyn 
in the IgE pathway (34). Other off-target effects, such as activity  
on the epidermal growth factor receptor (EGFR) and tyrosine 
kinase expressed in hepatocellular carcinoma (TEC), may be ben-
eficial in correcting underlying immune dysregulation in cancers 
such as CLL, but also likely account for a large portion of ibruti-
nib’s toxicity and side effect profile (9). Because EGFR and TEC 
kinase are not known to be involved in FcεRI signaling, activity on 
these kinases is likely irrelevant for protection from anaphylaxis 
and even undesired from a clinical standpoint. In line with this 
hypothesis, we have shown that acalabrutinib and tirabrutinib, 
second-generation inhibitors with far fewer off-target effects than 
ibrutinib (35, 36), are equally as effective as ibrutinib in preventing 
IgE-mediated activation of primary human mast cells and baso-
phils (Figure 1). Therefore, it is evident that ibrutinib’s off-target 
effects are not necessary for its prevention of FcεRI signaling and 
that BTK is the true pharmacologic target.

Though additional compounds designed to target other kinases  
in the FcεRI signaling pathway have also shown efficacy in pre-
venting anaphylaxis in murine models (37–44), none of them have 
also achieved FDA approval owing to their toxicity, which is due 
to the broad expression of their target kinases in numerous tissues 
and cell types. In contrast, BTK is expressed primarily in leuko-
cytes, including B cells, mast cells, basophils, macrophages, and 
neutrophils (45). Congenital BTK deficiency (X-linked agamma-
globulinemia [XLA]) is characterized by low or absent circulating 
B cells and a lack of humoral immune responses (46). However, 
pharmacologic inhibition of BTK is phenotypically different, pre-
sumably because B cell maturation largely occurs before a BTKi is 
used clinically. FDA-approved BTKis are generally well tolerated, 
though serious side effects such as infection, bone marrow sup-
pression, bleeding, and arrhythmia are reported with chronic use 
in cancer patients (8–10, 47). Several new BTKis in development 
are in clinical trials for other chronic disorders such as autoim-
mune diseases and urticaria (48), suggesting that their safety pro-
files during chronic use may be acceptable for these non-cancer 
indications. Regardless, the safety profiles of second-generation 
BTKis appear favorable for short-term courses, as would be the 
case for prophylactic use. We were the first to publish safety data 
for the short-term use of a BTKi in healthy adults without cancer: 
administration of up to 7 daily oral doses of 420 mg of ibrutinib 
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antibody or fMLP as a control. Samples were then incubated with 
fluorescently labeled antibodies and analyzed by flow cytometry. All 
cells were gated based on light scatter and CCR3 expression to gate 
on basophils, and the percentage of activated basophils was calculated 
using CD63 surface upregulation.

Bronchial contraction assays. Anti-IgE–induced increases in iso-
meric tension of isolated human bronchi were measured as described 
previously (17). Briefly, intralobar bronchi (2–5 mm diameter) were dis-
sected from deidentified normal human donor lung tissue provided | 
by the International Institutes for the Advancement of Medicine. To 
measure isometric tension, tissues were connected to Grass FT03 
force transducers, and tension was recorded on a Grass Model 7 poly-
graph (Grass Instruments). Isolated bronchi were suspended in 10 mL 
water-jacketed tissue baths containing Krebs bicarbonate buffer solu-
tion and gassed with oxygen/carbon dioxide (95:5) at 37°C. Tissues 
were maintained at a resting tension of 1 g for a 2-hour equilibration 
period, during which the buffer was replaced at 15-minute intervals. 
After a 30-minute incubation with either vehicle or ibrutinib, increas-
ing concentrations of polyclonal goat anti-human IgE (created and 
purified as previously described, ref. 52; provided by Donald Mac-
Glashan Jr., Johns Hopkins University, Baltimore, Maryland, USA) or 
histamine were added to the tissue bath until bronchial contraction 
reached a steady state (10–15 minutes), at which time the next con-
centration of stimulant was added. This was continued until maximal 
anti-IgE– or histamine-induced contraction was obtained, and cumu-
lative concentration-response curves for contraction were calculated. 
Contractions in response to anti-IgE and histamine were normalized 
to the maximal tissue contraction as evoked by 100 μM carbamylcho-
line added to the same tissues after the maximal histamine or anti-IgE 
response was obtained.

Humanized mice. Female NOD.Cg-Prkdcscid Il2rgtm1Wjl  
Tg(CMV-IL3,CSF2,KITLG)1Eav mice (“NSG-SGM3”) were pur-
chased from The Jackson Laboratory. Humanized mice were created 
by i.v. injection at age 3–4 weeks with 5 × 105 commercially purchased 
human cord blood CD34+ stem cells (HSCs; Lonza). To characterize 
the model, whole blood was collected from engrafted mice via retro- 
orbital bleed into microtainer EDTA tubes (Becton Dickinson) at 4, 
8, 12, and 16 weeks after injection with HSCs. For analysis of cells in 
tissues, engrafted mice were sacrificed 16 weeks after HSC injection, 
and peritoneal lavage and indicated organs were collected immedi-
ately after sacrifice. Spleens were compressed between the frosted 
surface of 2 glass slides to obtain single-cell suspensions. Ear and 
skin tissue digestion was performed as previously published (53, 54). 
Briefly, hair was removed and skin tissue was placed in HBSS with 
2 U/mL of freshly prepared Liberase TM. Ventral and dorsal halves 
were split and minced with scissors. Tissue was then digested in 
conical tubes for 30 minutes at 37°C with agitation at 250 rpm in an 
orbital shaker. Digestion was stopped with cold PBS containing 15% 
FBS and strained through a 70- to 100-μm strainer. Lung, stomach, 
and tongue tissue was digested as previously described (55). Tissues 
were minced and placed in digestion buffer (RPMI containing 10% 
FBS, 600 U/mL collagenase IV [Worthington Biochemical Corp.], 
0.1% dispase [Gibco], and 20 μg/mL DNase I [Roche]) for 30 min-
utes at 37°C with agitation at 300 rpm in an orbital shaker. The diges-
tion was quenched with FBS, and homogenates were strained as 
above. In all samples, red blood cells were lysed using RBC lysis buf-
fer (eBioscience), and samples were blocked using rat anti–mouse 

property of being capable of preventing systemic allergic reactions, 
including fatal anaphylaxis, in an allergen-independent manner.

Methods
Human SDMCs. Cultures of skin-derived mast cells (SDMCs) were 
prepared as previously described (16). In brief, discarded surgical sam-
ples of human skin were obtained from deidentified sources through 
the Cooperative Human Tissue Network (supported by the National 
Cancer Institute, NIH). Skin fragments were mechanically minced 
and then processed via enzymatic digestion with Collagenase Type 
2 (Worthington Biochemical Corp.), DNase Type 1 (MilliporeSigma), 
and hyaluronidase (MilliporeSigma) before isolation of mononuclear 
cells via centrifugation with Percoll PLUS (GE Healthcare). Single-cell 
suspensions were cultured for 4 weeks in X-Vivo15 Serum-Free Cul-
ture Medium (Lonza) containing 100 ng/mL recombinant human 
stem cell factor (SCF; PeproTech). Culture purity was assessed via 
flow cytometry for cKit and FcεRI expression.

Degranulation and cytokine assays. Lyophilized stocks of the 
BTKis ibrutinib (Selleckchem), acalabrutinib (provided by Acerta 
Pharma, a member of the AstraZeneca Group, San Francisco, Cal-
ifornia, USA), and tirabrutinib (Selleckchem) were resuspended in 
DMSO and stored at –80°C. Fresh dilutions in sterile PBS were made 
from stocks for each experiment. Percentage of total β-hexosamini-
dase release from SDMCs was determined using colorimetric assay 
as previously described (51). In brief, cells were passively sensi-
tized overnight with 50 ng/mL biotinylated human IgE (Abbiotec, 
clone HE1) in culture media. The next day, cells were treated with 
BTKis for 15 minutes at 37°C at the indicated time points, washed 
3 times, and then resuspended in Tyrode’s buffer with 100 ng/mL 
streptavidin (MilliporeSigma) at 37°C for 1 hour to cross-link IgE. 
Supernatants and corresponding cell lysates were incubated with 
1.37 mg/mL 4-nitrophenyl N-acetyl-β-d-glucosaminide at 37°C for 
1 hour. The reaction was stopped with carbonate buffer, and absor-
bance was read at 405 nm on a plate reader. Percentage of total 
β-hexosaminidase release was calculated. To detect surface marker 
upregulation, SDMCs were sensitized with IgE, treated with BTKis, 
and activated using streptavidin as above. One hour after activation, 
tubes were placed on ice for 5 minutes to stop reactions. Cells were 
labeled with fluorescently conjugated antibodies (Supplemental 
Table 1) and analyzed by flow cytometry using an LSR II cytometer 
(Becton Dickinson) and FACSDiva acquisition software (BD Biosci-
ences). Flow cytometry data were analyzed using FlowJo (v10) soft-
ware (Becton Dickinson). Cells were first gated on scatter and cKit+. 
LAMP1 upregulation was determined by the percentage of cKit+ cells 
that were LAMP1+. CD203c upregulation was determined by mean 
MFI. For cytokine release assays, cells were sensitized as above and 
treated with 100 ng/mL streptavidin in media for 24 hours at 37°C. 
Supernatants were collected and analyzed for cytokine content by 
fluorescent multiplex assay (MilliplexMAP, Millipore) and read on a 
Luminex 200 plate reader. Cytokine concentrations were calculated 
according to the manufacturer’s directions.

Basophil activation testing. Peripheral whole-blood samples were 
obtained via phlebotomy from healthy adults and collected in EDTA 
vacutainer tubes (Becton Dickinson). Basophil activation testing was 
performed using Flow CAST Basophil Activation kits (Buhlmann 
Diagnostics). Whole-blood samples were incubated with BTKis for 15 
minutes at 37°C before activation per kit directions with anti-FcεRIα 
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stock were made fresh for each PSA experiment. Mice were treated 
with vehicle or acalabrutinib at the indicated doses via oral gavage 
at the indicated time points before NP-BSA antigen challenge.

Statistics. Data are given as means ± SEM unless otherwise noted.  
Data were analyzed using 2-way ANOVA with repeated measures by 
Dunnett’s multiple-comparisons test with a family-wise significance 
rate of 0.05. Exceptions include the comparison of mortality rates 
between acalabrutinib and vehicle-treated groups during severe ana-
phylaxis, which were analyzed using χ2 analysis, and the total con-
traction from carbamylcholine treatment and percentage of maximal 
contraction from histamine treatment of human bronchi, which were 
analyzed using 2-tailed paired Student’s t tests. For all statistics, a P 
value of less than 0.05 was considered significant. All analyses were 
done in GraphPad Prism software v7.05.

Study approval. Deidentified normal human lung and skin frag-
ments were obtained under an IRB waiver from sources described above. 
Human whole-blood samples were obtained from healthy donors under 
a protocol approved by Northwestern University’s Institutional Review 
Board. All animal studies were conducted under the approval of North-
western University’s Institutional Animal Care and Use Committee.
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CD16/CD32 (BD Biosciences), anti–human CD32 (BioLegend), 
and True Stain Monocyte Blocker (BioLegend). Samples were then 
stained with fluorescently conjugated antibodies (see complete list 
in Supplemental Table 1) and Aqua Fluorescent Reactive Dye (Invi-
trogen) and run by flow cytometry on an LSR II cytometer (BD Life 
Sciences) using FACSDiva software (BD Life Sciences). Data were 
analyzed using FlowJo v10 software (BD Life Sciences). Gating strat-
egies are shown in Supplemental Figures 2 and 3. As data demon-
strated that the 12- and 16-week bleeds showed equivalent results, 
engrafted mice used for subsequent experiments with acalabrutinib 
were checked for adequate human leukocyte engraftment once at 12 
weeks after HSC injection to allow for a period of recovery before 
PSA experiments. Based on the lack of anaphylactic response in mice 
with poor engraftment (data not shown), mice were considered to 
have adequate engraftment for use in future PSA experiments if at 
least 0.1% of total CD45+ circulating cells were human CD45+ at 12 
weeks after HSC injection. All mice were housed in barrier housing, 
and received enrofloxacin in their drinking water as prophylaxis 
against Corynebacterium bovis.

Passive systemic anaphylaxis. PSA experiments were performed 
starting 16 weeks after HSC injection. Human chimeric IgE specific 
to 4-hydroxy-3-nitrophenylacetyl (NP) was harvested from serum-
free media of JW8/5/13 hybridoma cell cultures (European Collection 
of Authenticated Cell Cultures), purified by density centrifugation, 
and quantified using a human IgE ELISA. PSA was performed using 
a previously published protocol (24): mice were anesthetized with a  
ketamine/xylazine cocktail and passively sensitized with an i.v. injec-
tion of 1.6 μg human NP-IgE in 100 μL PBS (or PBS vehicle) 24 hours 
before i.v. challenge with various doses of NP-BSA conjugate (Bio-
search LGC) in PBS. Early-phase PSA response was assessed using 
core body temperature by rectal probe and visual clinical scoring as 
previously described (56) immediately after challenge, every 10 min-
utes for at least 60 minutes or until full recovery. In brief, clinical 
scores were 1 (scratching), 2 (piloerection, facial edema), 3 (labored 
breathing), 4 (coma or unresponsiveness), and 5 (death). When PSA 
induced a fatal response, body temperature measurements were 
ceased. Mice were not reused for repeat PSA experiments.

Treatment with acalabrutinib. Lyophilized acalabrutinib (ACP-
196, Acerta Pharma) was resuspended in a solution of 0.5% meth-
ylcellulose (MilliporeSigma)/0.1% Tween 80 (MilliporeSigma) as 
recommended by the manufacturer. Resuspensions of acalabrutinib 
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