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Abstract 24 

 25 

No known therapies can prevent anaphylaxis.  Bruton’s tyrosine kinase (BTK) is an enzyme thought to be 26 

essential for high-affinity IgE receptor (FcεRI) signaling in human cells.  We tested the hypothesis that FDA-27 

approved BTK inhibitors (BTKi’s) would prevent IgE-mediated responses including anaphylaxis.  We showed 28 

that irreversible BTKi’s broadly prevented IgE-mediated degranulation and cytokine production in primary 29 

human mast cells and blocked allergen-induced contraction of isolated human bronchi.  To address their 30 

efficacy in vivo, we created and utilized what we believe to be a novel humanized mouse model of anaphylaxis 31 

that does not require marrow ablation or human tissue implantation.  After a single intravenous injection of 32 

human CD34+ cells, NSG-SGM3 mice supported the population of mature human tissue-resident mast cells 33 

and basophils.  These mice showed excellent responses during passive systemic anaphylaxis using human 34 

IgE to selectively evoke human mast cell and basophil activation, and response severity was controllable by 35 

altering the amount of allergen used for challenge.  Remarkably, pretreatment with just two oral doses of the 36 

BTKi acalabrutinib completely prevented moderate IgE-mediated anaphylaxis in these mice and also 37 

significantly protected against death during severe anaphylaxis.  Our data suggest that BTKi’s may be able to 38 

prevent anaphylaxis in humans by inhibiting FcεRI-mediated signaling. 39 

  40 



Introduction 41 

 42 

Anaphylaxis is an acute, potentially life-threatening systemic allergic reaction characterized by urticaria, 43 

angioedema, bronchospasm, nausea/vomiting, abdominal cramping, diarrhea, hypotension, and/or shock (1).  44 

IgE-mediated anaphylaxis requires antigen cross-linking of FcεRI-bound IgE on the surface of mast cells and 45 

basophils, initiating the release of mediators including histamine, tryptase, prostaglandins, leukotrienes, and 46 

cytokines (2).  No known therapies are capable of reliably preventing anaphylaxis, so standard of care entails 47 

avoidance of triggering agents as well as prompt treatment with epinephrine after a reaction has already begun 48 

(1).  However, allergen avoidance is not always possible, and accidental exposures often occur, especially in 49 

the case of foods or stinging insects.  In addition, patients are intentionally exposed to known allergens during 50 

diagnostic and therapeutic procedures such as allergen skin testing, immunotherapy, and drug or food 51 

desensitizations, all of which have a risk of a serious and/or life-threatening reaction (1, 3).  Unfortunately, 52 

even with rapid and comprehensive medical treatment, anaphylaxis can be fatal (1).  Therefore, there is an 53 

unmet need for therapies that can reduce the frequency and/or severity of IgE-mediated anaphylactic reactions 54 

from both accidental and therapeutic exposures to allergens.   55 

Bruton’s tyrosine kinase (BTK) is a key component of FcεRI signaling in human mast cells and 56 

basophils (4-6), and thus represents an attractive target for preventing IgE-mediated responses in these cells.  57 

Based on the dependence of B cell signaling and survival on BTK activity (7), pharmacologic agents targeting 58 

BTK are now FDA-approved for the treatment of B cell malignancies.  Ibrutinib and acalabrutinib are both oral, 59 

FDA-approved irreversible BTK inhibitors (BTKi) and are generally well-tolerated (8-10).  We have previously 60 

shown in a small pilot study that two standard doses of ibrutinib can reduce or eliminate skin prick test 61 

reactivity to peanut and tree nuts in healthy allergic adults, without any observed toxicity or side effects even 62 

when given for up to one week (11).  Therefore, we hypothesized that clinically relevant doses of BTKi’s would 63 

successfully prevent IgE-mediated anaphylaxis.   64 

  65 



Results:  66 

 67 

BTKi’s prevent IgE-mediated degranulation and cytokine release in primary human mast cells and basophils 68 

We and others have previously shown that in vitro pretreatment of human basophils with the first-generation 69 

BTKi ibrutinib or the second generation BTKi acalabrutinib abolishes their IgE-mediated activation (12-15), and 70 

that two FDA-approved doses of ibrutinib prevent IgE-mediated basophil activation ex vivo (11).  Prior studies 71 

have also demonstrated ibrutinib’s ability to inhibit IgE-mediated degranulation in canine neoplastic mast cells 72 

(16).  We therefore sought to investigate the effects of BTKi’s on IgE-mediated activation of human mast cells.  73 

Primary human skin-derived mast cells (SDMCs) were isolated from discarded normal skin fragments as 74 

previously published (17).  After four weeks in culture, SDMCs from each donor achieved 70-90% purity as 75 

assessed by flow cytometry (Supplemental Figure 1).  SDMCs showed excellent IgE-mediated degranulation 76 

responses; the average percent β-hexosaminidase release of SDMCs following passive sensitization with 77 

human biotinylated IgE and cross-linking with streptavidin was 40.7% over unstimulated cells (data not shown).  78 

Pretreatment of SDMCs for 15 minutes with irreversible inhibitors of BTK (ibrutinib, acalabrutinib, or 79 

tirabrutinib) immediately before IgE-mediated activation completely abolished their degranulation in a dose-80 

dependent manner as measured by both percent β-hexosaminidase release (p < 0.0001 by 2-way ANOVA; 81 

Figure 1A) and upregulation of the surface activation markers LAMP-1 and CD203c as assessed by flow 82 

cytometry (p < 0.0001 for both markers; Figure 1B).  Inhibition of degranulation was achieved at clinically-83 

relevant concentrations with average IC50’s of 40, 222, and 309 nM for ibrutinib, acalabrutinib, and tirabrutinib, 84 

respectively.  Additionally, BTKi’s significantly prevented IgE-mediated cytokine secretion from SDMCs in a 85 

dose-dependent manner (Figure 1C).  At 1 µM, ibrutinib and acalabrutinib reduced the release of IL-6 from 86 

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 2-87 

way ANOVA), 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 ± 88 

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 ± 89 

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), 90 

and trended towards suppression of TNF-α production from 47.08 ± 44.47 to 0.04 ± 0.01 and 0.09 ± 0.06 91 

pg/mL (p = 0.0768).  Effects on SDMCs gradually waned over several days after a single 15 minute treatment 92 

and subsequent wash-out of irreversible BTKi’s prior to IgE crosslinking in the absence of drug (p < 0.0001; 93 



Figure 1D), suggesting recovery due to de novo synthesis of new BTK over this time.  In line with prior data, 94 

pretreatment of human basophils for 15 minutes in vitro with tirabrutinib, another second-generation inhibitor, 95 

was equally effective (IC50 336 nM), albeit less potent, as ibrutinib (IC50 40 nM) and acalabrutinib (IC50 150 nM) 96 

at preventing IgE-mediated activation as assessed by flow cytometric basophil activation testing (Figure 1E).  97 

Collectively, our data demonstrate that irreversible BTKi’s consistently prevent IgE-mediated activation of 98 

human mast cells and basophils in vitro. 99 

 100 

BTKi’s prevent IgE-mediated bronchoconstriction in human lung tissue 101 

We have previously shown that IgE-mediated bronchial contractions are virtually abolished by blocking both H1 102 

histamine and cysteinyl leukotriene receptors in vitro (18).  However, even 1 or 2 % of total histamine release 103 

from human bronchial mast cells is sufficient to cause the strong contraction of airway smooth muscle, and 104 

thus even a near-complete blockade of H1 receptors in vivo cannot prevent bronchoconstriction during 105 

anaphylaxis.  Given that BTKi’s can completely prevent IgE-mediated degranulation of human mast cells and 106 

basophils in vitro, we next tested the hypothesis that they would also eliminate IgE-mediated 107 

bronchoconstriction by preventing activation of tissue-resident mast cells in the lung.  Dissected human bronchi 108 

were pretreated with ibrutinib or vehicle for 30 minutes, and then anti-IgE-induced bronchoconstriction was 109 

assessed via increases in isomeric tension as previously described (18).  Pretreatment with ibrutinib nearly 110 

abolished IgE-mediated bronchial contraction in a dose-dependent manner (p < 0.0001 by 2-way ANOVA; 111 

Figure 2A).  At 100 nM and 1 µM, ibrutinib virtually eliminated contraction to even the maximally-effective 112 

concentration of 1 µM anti-IgE, suggesting complete or near-complete blockade of histamine and cysteinyl 113 

leukotriene release.  Ibrutinib had no effect on the maximal contraction of bronchial tissue achieved by 114 

cholinergic agonists; maximal contraction evoked by carbamylcholine averaged 6.1 ± 1.0 g and 6.3 ± 1.2 g in 115 

control- and ibrutinib- treated tissues, respectively (p = 0.7232).  As expected, up to 1 µM ibrutinib had no 116 

effect on contraction induced by exogenously-applied histamine, signifying that bronchial histamine 117 

responsiveness remained intact (p = 0.2952; Figure 2B).  The average EC50‘s for histamine were 6.35 ± 0.07 118 

µM in vehicle-treated and 6.55 ± 0.21 µM in ibrutinib-treated bronchi, and the average maximal histamine-119 

induced contraction was 85% in both vehicle- and ibrutinib-treated tissues.  These data suggest that clinically 120 



relevant concentrations of BTKi’s can prevent IgE-mediated bronchospasm through the inhibition of mast cell 121 

mediator release.   122 

 123 

NSG-SGM3 mice inoculated with human CD34+ cells can be utilized as a novel humanized mouse model of 124 

anaphylaxis without prior irradiation or surgical implantation of human tissue  125 

We next sought to test the ability of BTKi’s to prevent IgE-mediated anaphylaxis in a preclinical model in vivo.  126 

Due to differences in its role in FcεRI-signaling between murine and human cells, BTK elimination is not 127 

sufficient to prevent FcεRI-mediated signaling in murine cells or anaphylaxis in wild type mice as we and others 128 

have shown (5, 19-21).  We therefore sought to utilize “humanized mice” that are engrafted with human 129 

leukocytes including human mast cells and basophils.  NOD-SCID-gamma (NSG) mice are highly 130 

immunodeficient, making them ideal for humanization.  In the “NSG-SGM3” strain, transgenes for human IL-3, 131 

GM-CSF, and SCF allow for the expansion and maturation of human hematopoietic cells (22-24).  Previously 132 

published models of passive systemic anaphylaxis (PSA) in NSG-SGM3 mice entail irradiation or chemical 133 

ablation of the murine bone marrow, surgical implantation of human fetal liver and thymic tissue, and 134 

subsequent intravenous injection of human cord blood CD34+ stem cells (HSCs), thus creating “bone marrow, 135 

liver, thymus” (BLT) mice.  BLT mice demonstrate good engraftment of human leukocytes and significant 136 

responses during PSA, including its regulation by human mast cell targeting agents (25, 26).   137 

We sought to create a simpler and less burdensome humanized mouse model for use in PSA 138 

experiments.  We hypothesized that NSG-SGM3 mice could adequately support the growth and maturation of 139 

functional human myelogenous leukocytes including mast cells and basophils without human fetal tissue 140 

implantation.  Additionally, given that human IgE cannot bind to murine FcεRI receptors (27), we hypothesized 141 

that irradiation of the murine bone marrow would not be necessary for such a model to be used for induction of 142 

passive anaphylaxis using human IgE.  Our results show that after a single intravenous injection of HSCs at 3-143 

4 weeks of age, NSG-SGM3 mice demonstrate early engraftment of human leukocytes in as few as 4 weeks 144 

post-HSC injection, and continue to populate over time, resulting in extensive engraftment by 16 weeks (Figure 145 

3).  Both human CD45+ (hCD45) and murine CD45+ (mCD45) leukocyte subsets were detected in whole blood 146 

at all time points, though as expected, hCD45+ cells increased over time, while mCD45+ cells proportionally 147 

decreased.  Defined populations of hCD45+ Siglec-8+ CD203c+ cells were observed in whole blood of 148 



engrafted mice, demonstrating the presence of circulating human mast cell and/or basophil progenitors (Figure 149 

3D).  Populations of circulating human eosinophils, monocytes, and NK cells were also observed (Figure 3E, F, 150 

and G, respectively).  At 16 weeks after HSC injections, mature human mast cells and basophils were detected 151 

in blood, spleen, bone marrow, and peritoneum as assessed by flow cytometry (Figure 4A and C).  Finally, 152 

mature human tissue-resident mast cells were detected in the organs of engrafted mice including the skin, 153 

lung, intestine, stomach, and tongue (Figure 4B and D-E).  Populations of mature murine mast cells were also 154 

observed, as expected (Figure 4D and E).  Interestingly, human mast cells comprised higher percentages of 155 

CD45+ cells in the spleen (average 6.07%), stomach (4.63%), and peritoneal cavity (41.77%) compared to 156 

murine mast cells (0.15%, 1.40%, and 6.90%, respectively), whereas human mast cells were less numerous in 157 

the lung (1.79%), tongue (1.92%), and skin (back skin 2.84%; ear skin 0.61%) compared to murine mast cells 158 

(1.98%, 5.77%, 9.12%, and 7.25%, respectively).  Overall, these data demonstrate that NSG-SGM3 support 159 

the growth and maturation of human tissue-resident mast cells without prior marrow irradiation or surgical 160 

human tissue implantation.   161 

 162 

NSG-SGM3 humanized mice serve as a robust model of human anaphylaxis wherein the response severity 163 

can be controlled 164 

About 16 weeks after engraftment with a single IV injection of HSCs, NSG-SGM3 mice were passively 165 

sensitized using human chimeric IgE specific to 4-hydroxy-3-nitrophenylacetyl (NP).  Mice showed a robust 166 

clinical response to subsequent NP-BSA challenge as demonstrated by a decrease in core body temperature 167 

and increase in clinical scoring (Figure 5A and B) (28).  In this model, alterations in the amount of NP-BSA 168 

antigen used for challenge produced differences in PSA response severity in a dose-dependent manner.  For 169 

instance, 500 µg of NP-BSA challenge resulted in severe and often fatal anaphylaxis (average maximum core 170 

temperature drop of -4.47°C, with 48% mortality), while challenge with a 20 µg dose of NP-BSA resulted in 171 

moderate anaphylaxis (average maximum temperature drop -3.91°C, 11% mortality), and administration of 5 172 

µg of NP-BSA resulted in mild anaphylaxis (average maximum temperature drop -3.11°C, 0% mortality).  As 173 

expected, mice that were not engrafted with HSCs showed no response to human IgE sensitization during 174 

PSA, and mice sham sensitized with PBS instead of IgE showed no anaphylactic response during challenge 175 



(Figure 5B).  This pre-clinical mouse model involving human FcεRI-bearing cells thus allowed for the 176 

investigation of BTKi’s’ ability to prevent a range of PSA responses.   177 

 178 

Acalabrutinib completely prevents moderate anaphylaxis during PSA in humanized mice  179 

We next tested the hypothesis that BTKi’s can prevent anaphylaxis in vivo.  Acalabrutinib had recently 180 

achieved FDA-approval and was therefore chosen for use in mouse experiments for its higher selectivity for 181 

BTK and more favorable safety profile compared to ibrutinib.  Engrafted NSG-SGM3 mice were sensitized with 182 

human anti-NP IgE as above and then pretreated with acalabrutinib by oral gavage 16 and 4 hours prior to NP-183 

BSA challenge.  Two doses of 15 mg/kg of acalabrutinib completely inhibited anaphylactic responses during 184 

moderate PSA (20 µg NP-BSA challenge) with an average maximum body temperature decline of -0.369°C 185 

and 0% mortality compared to treatment with vehicle (average maximum temperature decline -3.678°C and 186 

11% mortality; p = 0.0015 by 2-way ANOVA; Figure 6A).  Mice receiving this dose of acalabrutinib also showed 187 

no increase in clinical score during PSA; consequently, based on scoring and core temperature, their PSA 188 

response was not significantly different compared to mice that were sham-sensitized with PBS instead of IgE.  189 

Two lower doses of 1.5 mg/kg of acalabrutinib provided partial protection compared to vehicle (average 190 

maximum temperature drop -2.577°C).  To determine acalabrutinib’s duration of protection against 191 

anaphylaxis, engrafted NSG-SGM3 mice were sensitized and pretreated with two doses of 15 mg/kg 192 

acalabrutinib as above, then subsequently challenged with 20 µg NP-BSA either 2 days or 7 days after the 193 

second dose of acalabrutinib.  Results show that acalabrutinib pretreatment maintained partial, though not 194 

significant, protection against moderate PSA for 2 days (p = 0.1007; Figure 6B), but did not impart any 195 

protection 7 days after acalabrutinib dosing (p = 0.8342; Figure 6C). 196 

 197 

Acalabrutinib partially protects against fatal anaphylaxis during severe PSA in humanized mice  198 

To test the hypothesis that acalabrutinib can protect against severe and even fatal anaphylaxis, we utilized the 199 

above PSA model employing a 500 µg antigen challenge dose.  Engrafted NSG-SGM3 were sensitized as 200 

above and pretreated with 2 doses of 15 mg/kg of acalabrutinib by oral gavage at 16 and 4 hours prior to 201 

challenge with 500 µg NP-BSA.  Mice pretreated with acalabrutinib had reduced clinical responses during 202 

severe PSA, with lesser core body temperature drop compared to mice pretreated with vehicle (-3.232 versus -203 



4.179°C; p = 0.0121; Figure 6D).  Additionally, mice pretreated with acalabrutinib demonstrated a faster 204 

recovery time, beginning to show a rebound in body temperature at 40 minutes post-challenge compared to 205 

mice pretreated with vehicle, which began to recover at 60 minutes post-challenge.  Remarkably, acalabrutinib 206 

pretreatment was significantly protective against death during severe PSA, with a mortality rate of 13% 207 

compared to 39% mortality in mice pretreated with vehicle (p = 0.0365; Figure 6E).  Collectively, these data 208 

demonstrate that two clinically relevant doses of acalabrutinib can rapidly and completely protect against 209 

moderate anaphylaxis and prevent death during severe anaphylaxis.   210 

  211 



Discussion 212 

We herein show complete clinical protection from moderate severity IgE-mediated anaphylaxis using 213 

pretreatment with just two oral doses of the BTKi acalabrutinib in what we believe to be a novel, simplified, less 214 

costly, and more humane animal model for passive systemic anaphylaxis.  With irradiation and/or 215 

chemotherapy ablation of the bone marrow plus surgical implantation of human fetal liver and thymic tissues, 216 

prior models utilizing NSG-SGM3 have proven to be a valuable model for hypersensitivity disorders and PSA 217 

as has been demonstrated in prior studies (25, 26, 29, 30).  Our data here demonstrate that NSG-SGM3 mice 218 

can still adequately engraft human leukocytes after a single intravenous injection of HSCs without survival 219 

surgery or prior bone marrow ablation.  To our knowledge, this is the first demonstration of this model’s ability 220 

to support the growth of human tissue-resident mast cells and its utility for performing PSA experiments.  221 

Analysis of whole blood and organ tissues displayed populations of both hCD45+ and mCD45+ cells after HSC 222 

injection, indicating that human HSCs can engraft alongside murine cells in the murine bone marrow and 223 

proliferate to create mature human leukocytes (Figures 3 and 4).  Additionally, data demonstrated the 224 

presence of mature human tissue-resident mast cells in the organs of engrafted NSG-SGM3 mice (Figure 4).  225 

Therefore, the presence of human liver and/or thymic tissue is not necessary for human mast cell growth or 226 

maturation (25).  As NSG-SGM3 mice constitutively express serum levels of SCF that are comparable to those 227 

found in healthy humans (24, 31), the human mast cells in these mice are unlikely to be phenotypically 228 

hyperproliferative or overactive, but this was not specifically analyzed.  We did, however, find that the organ 229 

distribution of human mast cells in this model differed from that of murine mast cells.  Specifically, human mast 230 

cells far outnumbered murine mast cells in the peritoneal cavity, spleen, and stomach, but were relatively 231 

sparse in the skin.  This altered tissue distribution, in addition to species differences in human mast cell versus 232 

mouse mast cell mediator content and other factors, may alter the physiologic anaphylactic response during 233 

PSA in humanized mice compared to wild type mice.  For example, the lack of human mast cells in the skin 234 

may have reduced the pruritus and scratching behavior that is typically observed during PSA in wild type mice.  235 

Nonetheless, by varying the amount of NP-BSA used for challenge in this model, PSA severity and mortality 236 

rate can be titrated, allowing for control over the severity of the anaphylactic response (Figure 5).  This allowed 237 

us to test the ability of BTKi’s to prevent mild to moderate anaphylaxis as well as fatal anaphylaxis, which 238 

cannot be ethically tested in humans.  Despite the presence of mature murine tissue-resident mast cells, non-239 



engrafted NSG-SGM3 mice did not show any anaphylactic response to sensitization with human IgE, in line 240 

with previously published reports that human IgE cannot bind to murine FcεRI receptors (27).  Thus, the 241 

presence of circulating murine leukocytes does not appear to influence passive anaphylaxis experiments using 242 

human IgE, and ablation of the bone marrow prior to engraftment is not necessary for adequate engraftment of 243 

human HSCs.  It should be noted that although “NSG” mice (which do not have human cytokine transgenes) 244 

can still mount human antibody responses to antigen without prior surgical implantation of human tissues (32), 245 

the addition of human tissues is thought to augment the maturation of human lymphocytes in other humanized 246 

mouse models (33).  Therefore, it is unknown if the herein-described model of humanized NSG-SGM3 mice 247 

could also be utilized for allergen sensitization models, but this seems unlikely.   248 

Current therapies for treating allergic responses are restricted to blocking signs and symptoms caused 249 

by mediators such as histamine and leukotrienes, which are just a few of the many mediators released by 250 

activated mast cells and basophils.  No known therapies are capable of preventing anaphylaxis, including 251 

antihistamines, because mediators other than histamine are involved in severe reactions including hypotension 252 

and shock (34).  Therefore, targeting all IgE-mediated signaling through the FcεRI pathway upstream of 253 

mediator release would be an optimal approach for preventing anaphylaxis to any antigen.  The FcεRI pathway 254 

includes multiple kinases other than BTK, including Syk, Lyn, Fyn, PI3K, and others.  As a first-generation 255 

BTKi, ibrutinib has several off-target effects, including inhibition of Lyn and Fyn in the IgE pathway (35).  Other 256 

off-target effects, such as activity on the epidermal growth factor receptor (EGFR) and tyrosine kinase 257 

expressed in hepatocellular carcinoma (TEC), may be beneficial in correcting underlying immune dysregulation 258 

in cancers such as CLL, but also likely account for a large portion of ibrutinib’s toxicity and side effect profile 259 

(9).  Because EGFR and TEC kinase are not known to be involved in FcεRI signaling, activity on these kinases 260 

is likely irrelevant for protection from anaphylaxis and even undesired from a clinical standpoint.  In line with 261 

this hypothesis, we have shown that acalabrutinib and tirabrutinib, second-generation inhibitors which have far 262 

fewer off-target effects than ibrutinib (36, 37), are as equally effective as ibrutinib in preventing IgE-mediated 263 

activation of primary human mast cells and basophils (Figure 1).  Therefore, it is evident that ibrutinib’s off-264 

target effects are not necessary for its prevention of FcεRI signaling and that BTK is the true pharmacologic 265 

target.   266 



Though additional compounds designed to target other kinases in the FcεRI signaling pathway have 267 

also shown efficacy in preventing anaphylaxis in murine models (38-45), none of them have also achieved 268 

FDA-approval due to their toxicity, which is owed to the broad expression of their target kinases in numerous 269 

tissues and cells types.  In contrast, BTK is expressed primarily in leukocytes including B cells, mast cells, 270 

basophils, macrophages, and neutrophils (46).  Congenital BTK deficiency (x-linked agammaglobulinemia; 271 

XLA) is characterized by low or absent circulating B cells and a lack of humoral immune responses (47).  272 

However, pharmacologic inhibition of BTK is phenotypically different, presumably because B cell maturation 273 

largely occurs before a BTKi is used clinically.  FDA-approved BTKi’s are generally well tolerated, though 274 

serious side effects such as infection, bone marrow suppression, bleeding, and arrhythmia are reported with 275 

chronic use in cancer patients (8-10, 48).  Several new BTKi’s in development are in clinical trials for other 276 

chronic disorders such as autoimmune diseases and urticaria (49), suggesting that their safety profiles during 277 

chronic use may be acceptable for these non-cancer indications.  Regardless, the safety profiles of second-278 

generation BTKis appear favorable for short-term use, as would be the case when used prophylactically.  We 279 

were the first to publish safety data for the short-term use of a BTKi in healthy adults without cancer: 280 

administration of up to 7 daily oral doses of 420 mg of ibrutinib was well-tolerated and showed no detectable 281 

toxicity in healthy adults with food allergy (11).   282 

Collectively, our data suggest that acalabrutinib pretreatment is remarkably protective against IgE-283 

mediated human mast cell secretion in vitro and anaphylaxis in humanized mice in vivo, with a rapid onset and 284 

relatively short duration of action once discontinued.  As a covalent inhibitor of BTK, acalabrutinib displays 285 

prolonged inhibitory effects in vivo despite a relatively short serum half-life of roughly 1 hour (36, 50, 51).  Due 286 

to pharmacokinetic differences between mice and humans, 15 mg/kg oral dosing in mice and the FDA-287 

approved 100 mg dose in humans both result in nearly 100% BTK occupancy in splenocytes as soon as 3 288 

hours, and up to 24 hours, after a single dose (36).  Interestingly, our data showed that partial protection from 289 

anaphylaxis was achieved with 1.5 mg/kg dosing, which corresponds to roughly 50% BTK occupancy in 290 

splenocytes in mice, demonstrating that partial clinical protection can be achieved even without full BTK 291 

inhibition.  Thus, our data show that two clinically-relevant oral doses of acalabrutinib completely prevented 292 

moderate anaphylaxis and significantly protected against death during severe anaphylaxis (Figure 6).  This 293 

protection was only partially sustained for 2 days after the last dose, demonstrating that the effects of 294 



irreversible BTKi’s on preventing anaphylaxis is temporary.  While not specifically studied, the kinetics of 295 

recovery provides some insight into the rate of turnover of BTK in mast cells, given that the only logical way for 296 

these irreversible inhibitors to lose their activity is via cell proliferation or synthesis of new BTK in the absence 297 

of drug.  Furthermore, the transient effects of BTKi’s may be beneficial in terms of their safety profile, 298 

especially when used intermittently to prevent anaphylaxis.  For instance, it may be possible to episodically 299 

utilize short courses of BTKi’s to prevent IgE-mediated reactions including anaphylaxis during a number of 300 

clinical procedures such as rush food or venom immunotherapy or drug desensitizations.  301 

The choice to use 2 doses of acalabrutinib in the animal models was drawn from our prior work 302 

showing that 2 FDA-approved doses of 420 mg of ibrutinib markedly reduces skin prick test size to foods in 303 

food-allergic adults (11).  Prior studies have shown that a single FDA-approved oral dose of ibrutinib or 304 

acalabrutinib achieves nearly 100% BTK occupancy in peripheral blood mononuclear cells within just 3 to 4 305 

hours (15, 36).  While we did not investigate the efficacy of one dose of acalabrutinib in humanized mice, it 306 

may be possible that one dose would be sufficient to protect against anaphylaxis.  The tissue penetrance of 307 

BTKi’s into various tissues, where mast cells reside, is unknown.  We and others have demonstrated their 308 

rapid efficacy in preventing IgE-mediated activation of circulating basophils (11, 13-15), but it is unknown 309 

whether these drugs would fully inhibit IgE-mediated activation of tissue-resident mast cells in multiple organs 310 

such as the lung, skin, and gastrointestinal tract.   311 

In conclusion, selective inhibitors of BTK can prevent IgE-mediated degranulation and cytokine 312 

production in human mast cells and prevent IgE-mediated anaphylaxis in humanized mice.  To our knowledge, 313 

this is the first report of an oral drug’s ability to completely prevent human mast cell-mediated anaphylaxis.  A 314 

logical next step for future studies would be to examine the safety and efficacy of BTKi’s in preventing 315 

anaphylaxis in humans.  If effective, these drugs may have the potential paradigm-changing property of being 316 

capable of preventing systemic allergic reactions, including fatal anaphylaxis, in an allergen-independent 317 

manner.  318 

 319 

 320 

  321 



Methods 322 

 323 

Human skin-derived mast cells (SDMCs) 324 

Cultures of SDMCs were prepared as described (17).  In brief, discarded surgical samples of human skin were 325 

obtained from deidentified sources through the Cooperative Human Tissue Network (supported by the National 326 

Cancer Institute, National Institutes of Health).  Skin fragments were mechanically minced and then processed 327 

via enzymatic digestion with Collagenase Type 2 (Worthington Biochemical Corporation), DNase Type 1 328 

(Sigma), and Hyaluronidase (Sigma) before isolation of mononuclear cells via centrifugation with Percoll PLUS 329 

(GE Healthcare).  Single cell suspensions were cultured for four weeks in X-Vivo15 Serum-Free Culture 330 

Medium (Lonza) containing 100 ng/ml recombinant human stem cell factor (SCF; Peprotech).  Culture purity 331 

was assessed via flow cytometry for cKit and FcεRI expression.   332 

 333 

Degranulation and cytokine assays 334 

Lyophilized stocks of the BTKi’s ibrutinib (Selleckchem), acalabrutinib (provided by Acerta Pharma, a member 335 

of the AstraZeneca Group, San Francisco, CA), and tirabrutinib (Selleckchem) were resuspended in DMSO 336 

and stored at -80°C.  Fresh dilutions in sterile PBS were made from stocks for each experiment.  Percent of 337 

total β-hexosaminidase release from SDMCs was determined using colorimetric assay as described (52).  In 338 

brief, cells were passively sensitized overnight with 50 ng/mL biotinylated human IgE (Abbiotec, clone HE1) in 339 

culture media.  The next day, cells were treated with BTKi’s for 15 minutes at 37°C for the indicated time 340 

points, washed three times, and then resuspended in Tyrode’s buffer with 100 ng/mL streptavidin (Sigma) at 341 

37°C for 1 hour to cross-link IgE.  Supernatants and corresponding cell lysates were incubated with 1.37 342 

mg/mL 4-nitrophenyl N-acetyl-β-D-glucosaminide at 37°C for 1 hour.  The reaction was stopped with carbonate 343 

buffer, and absorbance was read at 405 nm on a plate reader.  Percent of total β-hexosaminidase release was 344 

calculated.  To detect surface marker upregulation, SDMCs were sensitized with IgE, treated with BTKi’s, and 345 

activated using streptavidin as above.  1 hour after activation, reactions were stopped by placing tubes on ice 346 

for 5 minutes.  Cells were labelled with fluorescently conjugated antibodies (Supplementary Table 1) and 347 

analyzed by flow cytometry using an LSR II cytometer (Becton Dickinson) and FACS Diva acquisition software 348 

(BD Biosciences).  Flow cytometry data was analyzed using FlowJo software (Becton Dickinson).  Cells were 349 



first gated on scatter and cKit+.  LAMP1 upregulation was determined by the percent of cKit+ cells that were 350 

LAMP1+.  CD203c upregulation was determined by mean MFI.  For cytokine release assays, cells were 351 

sensitized as above and treated with 100 ng/mL streptavidin in media for 24 hours at 37°C.  Supernatants 352 

were collected and analyzed for cytokine content by fluorescent multiplex assay (MilliplexMAP, Millipore) and 353 

read on a Luminex 200 plate reader.  Cytokine concentrations were calculated according to the manufacturer’s 354 

directions.   355 

 356 

Basophil activation testing  357 

Peripheral whole blood samples were obtained via phlebotomy from healthy adults and collected in EDTA 358 

vacutainer tubes (Becton Dickinson).  Basophil activation testing was performed using Flow CAST Basophil 359 

Activation kits (Buhlmann Diagnostics).  Whole blood samples were incubated with BTKi’s for 15 minutes at 360 

37°C prior to activation per kit directions with anti-FcεRIα antibody or fMLP as a control.  Samples were then 361 

incubated with fluorescently-labelled antibodies and analyzed by flow cytometry.  All cells were gated based on 362 

light scatter and CCR3 expression to gate on basophils, and the percent of activated basophils was calculated 363 

using CD63 surface upregulation.   364 

 365 

Bronchial contraction assays 366 

Anti-IgE-induced increases in isomeric tension of isolated human bronchi was measured as described 367 

previously (18).  Briefly, intralobar bronchi (2-5 mm diameter) were dissected from deidentified normal human 368 

donor lung tissue provided by the International Institutes for the Advancement of Medicine.  To measure 369 

isometric tension, tissues were connected to Grass FT03 force transducers, and tension was recorded on a 370 

Grass Model 7 polygraph (Grass Instruments).  Isolated bronchi were suspended in 10 ml water-jacketed 371 

tissue baths containing Krebs bicarbonate buffer solution and gassed with oxygen:carbon dioxide (95:5) at 372 

37°C.  Tissues were maintained at a resting tension of 1 gram for a 2 hour equilibration period, during which 373 

the buffer was replaced at 15 minute intervals.  Following a 30 minute incubation with either vehicle or ibrutinib, 374 

increasing concentrations of polyclonal goat anti-human IgE (created and purified as previously described (53), 375 

provided by Dr. Donald MacGlashan, Jr., Johns Hopkins University, Baltimore, MD) or histamine were added 376 

to the tissue bath until bronchial contraction reached a steady state (10-15 minutes), at which time the next 377 



concentration of stimulant was added.  This was continued until maximal anti-IgE- or histamine-induced 378 

contraction was obtained, and cumulative concentration-response curves for contraction were calculated.  379 

Contractions to anti-IgE and histamine were normalized to the maximal tissue contraction as evoked by 100 380 

µM carbamylcholine added to the same tissues after the maximal histamine or anti-IgE response was 381 

obtained. 382 

 383 

Humanized mice 384 

Female NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav (“NSG-SGM3” mice) were purchased from 385 

Jackson Labs (Bar Harbor, Maine).  Humanized mice were created by intravenous injection at age 3-4 weeks 386 

with 5x105 commercially-purchased human cord blood CD34+ cells (HSCs; Lonza).  To characterize the 387 

model, whole blood was collected from engrafted mice via retro-orbital bleed into microtainer EDTA tubes 388 

(Becton Dickinson) at 4, 8, 12, and 16 weeks post-injection with HSCs.  For analysis of cells in tissues, 389 

engrafted mice were sacrificed 16 weeks post HSC injection, and peritoneal lavage and indicated organs were 390 

collected immediately after sacrifice.  Spleens were compressed between the frosted surface of two glass 391 

slides in order to obtain single cell suspensions.  Ear and skin tissue digestion was performed as previously 392 

published (54, 55).  Briefly, hair was removed and skin tissue was placed in HBSS with 2 U/mL of freshly 393 

prepared Liberase TM.  Ventral and dorsal halves were split and minced with scissors.  Tissue was then 394 

digested in conical tubes for 30 minutes at 37°C with agitation at 250 rpm.  Digestion was stopped with cold 395 

PBS containing 15% FBS and strained through a 70-100 μm strainer.  Lung, stomach and tongue tissue were 396 

digested as previously described (56).  Tissues were minced and placed in digestion buffer (RPMI containing 397 

10% FBS, 600 U/ml collagenase IV [Worthington Biochemical Corporation], 0.1% dispase [Gibco] and 20 398 

μg/ml DNase I [Roche]) for 30 minutes at 37°C with agitation at 300 rpm.  The digestion was quenched with 399 

FBS, and homogenates were strained as above.  In all samples, red blood cells were lysed using RBC lysis 400 

buffer (eBioscience), and samples were blocked using rat anti-mouse CD16/CD32 (BD), anti-human CD32 401 

(Biolegend), and True Stain Monocyte Blocker (Biolegend).  Samples were then stained with fluorescent-402 

conjugated antibodies (see complete list in Supplemental Table 1) and Aqua Fluorescent Reactive Dye 403 

(Invitrogen) and run by flow cytometry on an LSR II cytometer (BD Life Sciences) using FACSDiva software 404 

(BD Life Sciences).  Data were analyzed using FlowJo V10 software (BD Life Sciences).  Gating strategies are 405 



shown in Supplemental Figures 2 and 3.  As data demonstrated that the 12 and 16 week bleeds showed 406 

equivalent results, engrafted mice used for subsequent experiments with acalabrutinib were checked for 407 

adequate human leukocyte engraftment once at 12 weeks post-HSC injection to allow for a period of recovery 408 

prior to PSA experiments.  Based on the lack of anaphylactic response in mice with poor engraftment (data not 409 

shown), mice were considered to have adequate engraftment for use in future PSA experiments if at least 410 

0.1% of total CD45+ circulating cells were human CD45+ at 12 weeks post-HSC injection.  All mice were 411 

housed in barrier housing, and received enrofloxacin in their drinking water as prophylaxis against C. bovis.  412 

 413 

Passive systemic anaphylaxis  414 

PSA experiments were performed starting 16 weeks post-HSC injection.  Human chimeric IgE specific to 4-415 

hydroxy-3-nitrophenylacetyl (NP) was harvested from serum-free media of JW8/5/13 hybridoma cell cultures 416 

(European Collection of Authenticated Cell Cultures), purified by density centrifugation, and quantified using a 417 

human IgE ELISA.  PSA was performed using a previously published protocol (25): mice were anesthetized 418 

with a ketamine/xylazine cocktail and passively sensitized with an intravenous injection of 1.6 µg human NP-419 

IgE in 100 µL PBS (or PBS vehicle) 24 hours prior to intravenous challenge with various doses of NP-BSA 420 

conjugate (Biosearch LGC) in PBS.  Early phase PSA response was assessed using core body temperature by 421 

rectal probe and visual clinical scoring as previously described (57) immediately after challenge, every 10 422 

minutes for at least 60 minutes or until full recovery).  In brief, clinical scores were: 1 (scratching), 2 423 

(piloerection, facial edema), 3 (labored breathing), 4 (coma or unresponsiveness), and 5 (death).  When PSA 424 

induced a fatal response, body temperature measurements were ceased.  Mice were not reused for repeat 425 

PSA experiments.  426 

 427 

Treatment with acalabrutinib 428 

Lyophilized acalabrutinib (ACP-196; Acerta Pharma) was resuspended in a solution of 0.5% methylcellulose 429 

(Sigma)/0.1% Tween 80 (Sigma) as recommended by the manufacturer.  Resuspensions of acalabrutinib stock 430 

were made fresh for each PSA experiment.  Mice were treated with vehicle or acalabrutinib at the indicated 431 

doses via oral gavage at the indicated time points prior to NP-BSA antigen challenge to elicit PSA.   432 

 433 



Statistics  434 

Data are given as means ± SEMs unless otherwise noted.  Data were analyzed using 2-way ANOVA with 435 

repeated measures by Dunnett’s multiple comparisons test with a family-wise significance rate of 0.05.  436 

Exceptions include the comparison of mortality rates between acalabrutinib and vehicle treated groups during 437 

severe anaphylaxis, which were analyzed using Chi squared analysis, and the total contraction from 438 

carbamylcholine treatment and percent of maximal contraction from histamine treatment of human bronchi, 439 

which were analyzed using 2-tailed paired Student’s t tests.  For all statistics, a p value of less than 0.05 was 440 

considered significant.  All analyses were done in GraphPad Prism software v7.05 (La Jolla, California).   441 
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  603 



Figures  604 

 605 

Figure 1:  BTKi’s abrogate IgE-mediated mast cell and basophil activation and cytokine production in 606 

vitro.  (A) Human SDMCs were passively sensitized with 50 ng/mL human biotinylated IgE overnight, then 607 

pretreated with BTKi’s for 15 minutes and activated for 1 hour with 100 ng/mL streptavidin to crosslink IgE.  608 

Percent of total β-hexosaminidase (β-hex) release was determined via colorimetric assay.  N = 4-5 using 609 

SDMCs from different donors.  (B) SDMCs were treated with BTKi’s and activated as above, then incubated 610 

with fluorescently-labelled antibodies to LAMP1 and CD203c prior to analysis by flow cytometry.  Percent of 611 

LAMP1+ and mean MFI of CD203c were measured in cKit+ cells.  N = 4 different donors.  (C) SDMCs were 612 

treated with BTKi’s for 15 minutes and then washed prior to IgE crosslinking as above.  24 hours later, cytokine 613 

concentrations as indicated were assayed in supernatants using a fluorescent multiplex assay.  N = 3-7 614 

different donors.  Dotted lines indicate basal secretion by unstimulated cells.  (D) To determine the duration of 615 

BTKi’s’ effects, SDMCs were exposed to 1 µM of BTKi’s for 15 minutes and washed at the indicated time 616 

points prior to activation with IgE and assessment of β-hex release as above.  N = 3 different donors.  (E) The 617 

indicated BTKi’s were added to anticoagulated human whole blood samples for 15 minutes prior to activation 618 

with anti-FcεRIα antibody (solid lines) or fMLP (dashed lines) as a control.  Basophil activation was assessed 619 

by CD63 surface upregulation by flow cytometry.  N = 4-6 different donors.  All data are displayed as means ± 620 

SEM.  For all panels, *p<0.05; **p<0.01, ***p<0.001, and ****p<0.0001 compared to vehicle-treated cells by 2-621 

way ANOVA with repeated measures.  622 



 623 



 624 

Figure 2:  Ibrutinib effectively blocks anti-IgE-induced contraction of human bronchi.  Isolated human 625 

bronchi were pretreated with ibrutinib or vehicle for 30 minutes, and then anti-IgE-induced contraction was 626 

measured as described.  (A) Cumulative concentration-response curves for anti-IgE-induced contractions are 627 

shown for vehicle- and ibrutinib-treated tissues.  Contraction is expressed as a percentage of the maximal 628 

obtainable contraction evoked by carbamylcholine (100 µM) added at the end of the experiment.  N = 4 using 629 

bronchi from different donors.  (B) Percent of maximal contraction as achieved by treatment with exogenous 630 

histamine is shown for vehicle- and 1 µM ibrutinib-treated tissues.  N = 2 from different donors.  All data are 631 

displayed as means ± SEM.  ****p<0.0001 compared to vehicle-treated tissues by 2-way ANOVA with 632 

repeated measures.  ns; not significant by two-tailed paired Student’s t test.   633 
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Figure 3:  HSC-engrafted NSG-SGM3 mice have detectable circulating human leukocytes as early as 4 642 

weeks post-HSC injection.  NSG-SGM3 mice underwent a single intravenous injection of cord blood HSCs 643 

as described.  (A) Whole blood samples taken at 4, 8, 12, and 16 weeks post-HSC injection were incubated 644 

with fluorescently-conjugated antibodies to a panel of human (h) and murine (m) cell surface markers as 645 

indicated and analyzed by flow cytometry.  Representative flow plots from three separate experiments are 646 

shown for each time point.  Quadrant and gate population percentages represent the percent of the parent 647 

gate.  Percent of cells that are human (B-G) and murine (H-I) are displayed as leukocyte subsets at the 648 

indicated time points post-HSC injection; N = 5-8 mice per group.  Wild type mice (WT; C57BL/6J) and non-649 

engrafted NSG-SGM3 mice are included as controls.  All data are displayed as means ± SEM.   650 
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Figure 4:  HSC-engrafted NSG-SGM3 mice support the accumulation, growth and maturation of human 653 

tissue-resident mast cells.  NSG-SGM3 mice underwent a single intravenous injection of cord blood HSCs 654 

as described.  At 16 weeks post-HSC injection, mice were sacrificed, and whole blood and organs were 655 

harvested and processed for detection of human and mouse mast cells and blood basophils/mast cell 656 

precursors.  Single cell suspensions were incubated with the indicated fluorescently-conjugated antibodies and 657 

analyzed by flow cytometry.  Cells were gated on mouse CD45 positive (mCD45) versus human CD45 positive 658 

(hCD45), and then among human cells, human cKit (hcKit) positive and human FcεRI (hFcεRI) positive cells 659 

were analyzed for CD203c and Siglec-8 expression.  Representative flow plots from three separate 660 

experiments are shown for spleen, bone marrow, peritoneal lavage, and whole blood (A) and for various 661 

indicated solid organs (B).  Quadrant and gate population percentages represent the percent of the parent 662 

gate.  (C) Mast cell precursors were quantified as a percent of hCD45+ cells in blood and bone marrow; N = 3 663 

mice per group.  (D) Mature human and murine tissue-resident mast cells were quantified as a percent of 664 

hCD45+ or mCD45+ cells, respectively, and of total cells (E); N = 3 mice per group.  All data are displayed as 665 

means ± SEM.   666 
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Figure 5:  HSC-engrafted NSG-SGM3 mice serve as a robust model of human anaphylaxis. (A) Schema 673 

of engraftment and PSA protocol. (B) Engrafted NSG-SGM3 mice were sensitized with a single IV injection of 674 

1.6 µg of human anti-NP-IgE and then 24 hours later were challenged with a single IV injection of 5, 20, or 500 675 

µg of NP-BSA to induce mild, moderate, or severe PSA.  Mice sensitized with PBS instead of IgE and NSG-676 

SGM3 mice that were not engrafted with HSCs were used as controls.  The PSA response was assessed by 1) 677 

decrease in core body temperature and 2) clinical scoring every 10 minutes for at least 1 hour post-challenge.  678 

Body temperature measurements were ceased after death; therefore, only the surviving mice at each time 679 

point are included in averages.  All data are displayed as means ± SEM.  N = 3-4 mice per group.   680 
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Figure 6:  Acalabrutinib pretreatment completely inhibits moderate PSA and partially protects against 683 

fatal PSA in humanized mice.  (A) HSC-engrafted humanized mice were sensitized as described and then 684 

pretreated with 2 doses of acalabrutinib (1.5 or 15 mg/kg via gavage) or vehicle control at 16 and 4 hours prior 685 

to challenge with 20 µg NP-BSA to elicit moderate PSA.  Core temperature drop from baseline (left) and 686 

clinical scores (right) are shown as measures of clinical response during PSA.  Body temperature 687 

measurements were ceased after death; therefore, only the surviving mice at each time point are included in 688 

averages.  Data are pooled from 3 independent experiments, N = 6-9 total per group.  (B and C) To investigate 689 

the duration of acalabrutinib’s protection, engrafted humanized mice were sensitized and pretreated with 690 

acalabrutinib as described in panel A, except that NP-BSA challenge was performed either 2 days (B) or 7 691 

days (C) after the last oral dose of acalabrutinib.  Data are pooled from 3 separate experiments, N = 11-17 692 

total per group.  (D) To investigate acalabrutinib’s ability to prevent fatal anaphylaxis, engrafted humanized 693 

mice were sensitized and pretreated with 15 mg/kg acalabrutinib or vehicle as described, except a higher 694 

challenge dose (500 µg NP-BSA) was given to elicit a more severe PSA response.  Data shown are pooled 695 

from 6 separate experiments, N = 24-27 total per group.  (E) The Kaplan-Meier survival curve from 696 

experiments in (D) is shown for both the acalabrutinib- and vehicle-treated groups.  All data were analyzed 697 

using 2-way ANOVA with repeated measures with the exception of the mortality rate in (E) which was analyzed 698 

using Chi square analysis.  All data are displayed as means ± SEM.  For all panels, *p<0.05, **p<0.01; 699 

***p<0.001, and ****p<0.0001 compared to PBS control group. 700 
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